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I SUMMARY
Recent advances in the techniques of handling solids
in a continuous counter-current operation have focused
attention on the possibilities of using selective ad-
sorbents for separating gas mixtures. The solid ad-
sorbents appear to have significant advantages when
compared to the conventional methods of absorption
and distillation. Operation at lower pressures without
refrigeration and with improved selectivity are potential
advantages over low temperature distillation processes
while adsorbent capacity as well as selectivity may be
superior to that of liquid absorbents.
As a part of an integrated program to evaluate the
adsorption characteristics of hydrocarbon gases and their
mixtures, the present thesis extends the existing data
by additional work on binary and ternary gas mixtures
adsorbed on activated carbon and silica gel. The current
effort places emphasis on data obtained with activated
carbon as well as silica gel in order that a well-rounded
picture of the important factors involved on both ad-
sorbents may be established. It is intended to provide
a broader base for the development of means of predicting
and correlating the results, and to permit better evaluation
of potential new separation processes based on the use of
adsorbents.
Equilibrium data have been obtained by circulation
of gas mixtures over an adsorbent sample at constant
pressure and temperature. Determination of the com-
positions of the unadsorbed gas and the adsorbate,
together with the amount of mixture adsorbed at equilibrium
yielded the data sought.
Principal quantitative results are as follows:
1. Pure gas adsorption isotnerms on two types of
active carbon and a silica gel have been obtained at 2500 and
pressures up to 1 atm. for olefins and paraffins ranging
from methane to isobutane. A limited number of data
have been obtained at pressures up to 20 atm. pressure
and temperatures up to 23000.
2. Binary mixture equilibrium data involving the
above gases have been determined at 250C for 16 vapor-
adsorbate curves on the three different adsorbents at
total pressures ranging from 1 atm. to 20 atm.
3. One three-component mixture on activated carbon and
silica gel at a total pressure of 1 atm. and 2500 has been
studied.
With regard to the relative amounts adsorbed of the
pure hydrocarbon gases on a given adsorbent at corresponding
pressures and temperatures, it is concluded that the
following factors must be considered: (a) general
liquefaction characteristics associated with gas molecular
weight, (b) elements of gas structure (e.g. unsaturation)
which may make for greater affinity for the adsorbent, and
(c) saturation value of the adsorbed for the component
in question. (The latter appears to be associated with
the physical size of the adsorbed molecule). When the
adsorbent is carbon, higher gas molecular weight can
be expected to be the predominant factor favoring stronger
adsorption of a gas; however, an olefin can be preferentially
adsorbed when compared to the corresponding paraffin of
the same number of carbon atoms. For adsorption on silica
gel, higher gas molecular weight also suggests increased
adsorption, but unsaturation in the gas can markedly augment
the molecular weight factor.
A method has been developed which correlates within engineer-
ing accuracy 18 adsorption isotherms on three different ad-
sorbents at 250C over a pressure range of 0.2 to 21. atm.;
it also successfully describes the temperature dependence
of the adsorption isotherms over a range of 100-2000C. The
technique permits the prediction of a wide variety of adsorption
isotherm data at various pressures and temperatures from a
minimum of strategically located experimental points.
When dealing with gas mixtures, it is found that
the component preferentially adsorbed is the one showing
greater adsorption as a pure gas. Hence, the selective
adsorption characteristics for mixtures may be evaluated
on the basis of the principles already stated for the
pure gas isotherms. The adsorption of each gas in
the mixture is lower than that of its pure gas isotherm
(at the same partial pressure). The total value for
mixture adsorption lies between the pure gas adsorption
quantities at the same total pressure. Increased pres-
sure favors increased adsorbent capacity but results
in substantial decrease in relative selectivity,0oi.
This reduction in o can be correlated approximately with
N2the ratios of the pure gas adsorptions, -- , at the total
pressure in question. The relation:
N' N2
-1 5 + -9- = 1.0 (31)
N11 N2
correlates the binary data within about 6%. N refers
to the'mols of a constituent adsorbed in a mixture per
unit weight of adsorbent and N' refers to the amount of
thepure gas adsorbed at mixture total pressure; subscripts
1 and 2 designate the two components. By itself, however,
equation (31) relates only the amount adsorbed and its
composition and does not provide a key to the equilibrium
5vapor composition. Using a minimum of one experimental
point and a constant value of<oL (i.e. independent of
adsorbate composition) is a simple means of correlating
80% of the data although it cannot be considered generally
applicable. A reliable relation for predicting mixture
equilibria with no experimental data other than the ad-
sorption isotherms of the pure gases has not been obtained.
Relative selectivity, cl. , of any two of the components
in a ternary mixture is essentially the same as the
observed in the constituent binaries. This observation
suggests possibilities of considerable simplification
in the correlation and calculation of multicomponent
data. The relation analcgous to equation (31)
NJ N2 N
+ --- = 1.0 (42)
NJ' N2' N3'
holds within 5% for ternary mix.tures studied on both
carbon and silica gel.
Independent checks on the equilibrium results with
three types of apparatus operated by different investigators
indicate a high degree of reliability for the data. Tests
of thebinary mixture data also indicate good agreement with
thermodynamic relations which have been developed. The
newly developed circulating apparatus for securing equilibrium
data eliminates the mixing difficulties encountered in earlier
units and permits obtaining data of greater reproducibility.
It is recommended that the adsorption isotherms
and binary and ternary mixture equilibria of dissimilar
gases be studied in order to broaden the scope of the
basic data available. Such a program would further
the theoretical picture and permit additional development
of the methods of predicting and correlating the data.
Further study of the effect of the variables of temperature
and pressure (above atmospheric) should also be included.
Exploratory data taken with fixed beds of adsorbent
indicate that rate of exchange adsorption is rapid but
the results are not sufficiently comprehensive to permit
quantitative deductions. It is recommended that the rate
studies with fixed beds of adsorbents as well as with
the continuous moving bed be continued with particular
attention to be given to improvements in the experimental
technique.
II INTRODUCTION
1. General
Adsorption at the gas-solid interface may be defined as
an increase in gas concentration at the phase boundary; e.g.,
as indicated by density or equivalent concentration property.
The observation of the phenomenon is usually indirect; for
example, when a gas is let into an evacuated chamber con-
taining an appropriate non volatile solid (in the absence
of chemical reaction-), the pressure observed is less than
that calculated from the equation of state indicating that
some gas must have been taken up by the solid. The gas taken
up by the solid is termed the adsorbate while the solid itself
is known as the adsorbent. The phenomenon appears to have
been first described by C. W. Scheele in 1773 and by A. F.
Fontana in 1777': (23). Certain porous solids such as ac-
tivated carbon and silica gel exhibit this property to a
remarkable degree; silica gel for example will adsorb ap-
proximately 30-40% of its weight of water from nearly sat-
urated air (34).
Unlike absorption or solution effects, the adsorbate
does not penetrate the fields of force that exist between
the atoms, ions, or molecules of the adsorbent but is in-
volved in the residual surface forces of the solid. Adsorp-
tion of gases is generally characterized by relatively large
amounts adsorbed at low gas phase pressures as indicated by
the simple adsorption isotherm of Figure la. Solution type
phenomena are -more nearly represented by the Henry's law
type relationship-of Figure 1b, while the dissociation pres-
sure relationship of a mono-variant chemical reaction is
indicated by Figure lc. It is believed that the effects
studied in the current work are predominantly those of physical
or van der Waals adsorption as distinguished from chemisorption
or activated adsorption. The phenomena of chemisorption are
similar to those of chemical reaction.
That the field of adsorption has attracted the efforts
of many workers is evidenced by the large amount of published
material relating to the subject. Dietz's "Bibliography of
Solid Adsorbents" (5) contains 6000 annotated references,
while Brunauer's monograph (23) is the latest of a number of
texts devoted to the theoretical aspects of physical adsorp-
tion of gases and vapors. However, the bulk of the literature
deals primarily with the adsorption of a single gaseous con-
stituent; that pertaining to adsorption of gas mixtures is
much less detailed.
From the point of view of scientific interest, we are
concerned with the adsorption characteristics of gas mixtures
because the behavior of mixtures may be expected to furnish
a deeper insight into the nature of adsorption. A better
understanding of physical adsorption may have far reaching
effects in other fields such as catalysis and heterogeneous
reaction rate.
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From the applied chemistry aspect, the use of solid
adsorbents show outstanding promise for effecting efficient
separation of gaseous mixtures. This property has immediate
practical- application in the light hydrocarbon field for the
recovery of such olefins as ethylene and propylene.
2 . The6 Light' 'jdiadai6r6n 'Fidli'
One of the outstanding developments in the chemical in-
dustry in recent years is the rapid growth in the production
of synthetic organic chemicals using hydrocarbons obtained
from petroleum as raw material. Availability and moderate
cost of light olefins have fostered large-scale production
of a wide variety of chemicals such as alcohols, glycols,
styrene, polyethylene plastics, and halogenated hydrocarbons.
It has been estimated that 275,000 tons of ethylene and
220,000 tons of propylene (47) were consumed in the production
of organic chemicals in 1945. For a recent discussion of
some of the more important chemical products involved see
Egloff (4s).
Olefin rich residue gases from normal refinery operations
are one of the principal sources of unsaturates from petroleum.
A second source of these olefins is gases obtained from pyrol-
ysis units operated for the very purpose of producing unsat-
urates either from ethane-propane feed stocks or from crude
oil. Compositions of two such olefin bearing gas streams are
indicated in Table I.
Ii
TABIE I
COMPOSITION OF TYPICAL OILEFIN-BEARING GAS STREAMS (9)
Componen 6ien
H2
CH4
C2 4
C2H6
Mol Per Cent
Refinery-,
Off- gas
11.
5.
22.
11.
45 .
Pyrolysis Gas
from Propane
10 .
25.
27.
4.
15.
16.
Heavier
Co, C02, & N2
3.
2.
.I.U0.
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Recovery of the olefins with a suitable degree of purity
is becoming an increasing important problem. In certain chemical
syntheses, the olefins are reacted satisfactorily in a gas mix-
ture diluted with paraffin; e.g., the use of sulfuric acid in
alcohol manufacture. An increasing number of synthesis reactions
require recovery of moderately pure (50-95 mol %) and very pure
(better than 95 mol %) ethylene in order to minimize solution
or catalyst loss from reactors and to avoid formation of
troublesome polymers. High purities are required for example
in the manufacture of styrene and polyethylene plastics.
Current practice for the separation of these olefin-
bearing streams involves low temperature fractional distillation
requiring refrigeration and pressure operation. In addition
to the utility requirements, disadvantages of this method
include the problem of drying the feed gases and the require-
ment for expensive alloy steels in sections subject to subzero
service.
Recent improvements in the technique of handling solids
suggest the possibility of using a solid adsorbent for separation
of gases showing different degrees of adsorbability. A con-
tinuous countercurrent process might involve the use of an
adsorbent to modify volatility much in the same manner as the
use of special liquids in extractive distillation. Applications
involving fixed beds of solid adsorbents also might have ad-
vantages in some cases inspite of the requirement that operation
13
would be semi-batch. Use of fixed beds of adsorbents in re-
covery of vapors in low concentration from an inert or es-
sentially unadsorbed carrier gas stream has found widespread
application in the solvent recovery field and in gas mask
canisters. In the present work, however, we are also con-
cerned with cases involving gases of similar adsorption
characteristics with only small amounts of inerts present,
this is a case of immediate importance in the light hydro-
carbon recovery field.
3. ki6'6± jihe "UPs'e o6rAds6 riiie*t 'for Sparating Gases
Although Joulin ( 4) made some investigation on the ad-
sorption of gas mixtures as early as 1881, Dewar (1904) (36)
seems to have been among the earliest to point out that
fractionation of gases was possible using solid adsorbents.
He passed air over charcoal at liquid air temperature and
then let the system heat up to room temperature and analyzed
successive samples of the desorbed gas. For the six samples
taken, the oxygen content increased from about 20,0 to 80%
showing an apparent stronger adsorption of oxygen than
nitrogen.
Since Dewar's work, efforts on separating gases using
adsorbents have been numerous. A number of papers of more
or less qualitative nature dealing with separations on a
laboratory scale are discussed in the appendix. The significance
14
of these laboratory observations was interpreted by many
in terms of the separation of gases on a commercial scale
and stimulated thinking in the direction of a process using
countercurrent operation rather than the laboratory batch
desorption.
Perhaps the first to report investigations on larger
than laboratory scale was Morgan (1929) (105). He discussed
work of the British Ministry of Munitions in attempting to
separate ethylene from coke oven gas at the time of World
War I. Attempts at a batch process were largely ineffective
because of the difficulty of heating the carbon adsorbent for
desorption. Some attempts were made at continuous fractionation
and in this connection Morgan clearly pointed out the possibility
of using a moving column of charcoal exactly as a fractionating
column. This seems to be the earliest reference to the type
of process which today indicates significant commercial pos-
sibilities. Further analogy of the countercurrent adsorption
process to the conventional vapor-liquid fractionating tower
was made by Turner (1943) (i19) in his paper describing the
analysis of gaseous hydrocarbon mixtures using adsorbents.
He indicated that if, instead of condensing the reflux for
a distillation column, the overhead vapor was adsorbed on ac-
tivated carbon and made to flow down through the unit while
the reboiler was used to regenerate the carbon instead of
boiling liquid, then the operation would be entirely analogous
to the conventional fractionating column. Kearby (1945) (75)
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has patented a process for concentrating olefin gas streams
by bringing an adsorbent such as silica gel, alumina, or
carbon in countercurrent contact with the gases to be
separated. The successful operation of pilot plants for
separating hydrocarbon gases using liquid fractionating
column principles in this manner was described by Berg (1946)
A schematic-diagram of the countercurrent unit suggested
is indicated in Figure 2. It consisted of a cylindrical shell
provided with an overhead cooler, a stripper at the bottom,
and was packed with a moving bed of adsorbent. Feed gas
was introduced at an intermediate section of the column,
overhead product containing the light constituents (low
molecular weight) were removed just below the cooler, and
heavy components were removed just above the stripper.
The stripped adsorbent was removed from the bottom of the
tower and recirculated to the top of the unit for reuse. Thus,
the adsorbent acted in a manner similar to that of an extractive
agent in extractive distillation. Berg indicated that this
process was applicable to the purification of hydrogen and
also to the separation of ethylene from light hydrocarbon
streams. Commercial scale application of this process for the
purification of ethylene is indicated in a recent Foster-Wheeler
Bulletin (48). The adsorption unit is used to take the place
of the high pressure, low temperature methane distillation
COOLE
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tower in the distillation process. Methane and hydrogen
are taken overhead in the adsorption tower while a fraction
rich in ethylene and ethane is removed as a sidecut and
charged through a drying unit into a conventional low tem-
perature distillation tower for separation of the ethylene.
Perhaps,' the first step in evaluating the potentialities
of a process such as that outlined above is to obtain fun-
damental data on equilibrium relationships involved in the
gas mixture-adsorbent systems. In addition to equilibrium
selectivity for comparative design calculations, it is neces-
sary to know the capacity of the adsorbents for the various
gases, the heat effects involved, and the rates of adsorption;
these latter items will be discussed in later sections.
4. Ti Adsorption Isotherm
By analogy to the use of pure component vapor pressure
characteristics in the theoretical and analytical treatment
of vapor-liquid equilibria for mixtures, the adsorption
isotherm of a pure gas can be suggested as valuable for pos-
sible similar treatment in vapor-adsorbate equilibria.
For a given pure gas and adsorbent at equilibrium and
constant temperature, T, the amount of gas adsorbed, N, is
in general a function of the pressure, p.
N = f(p) T = constant (1)
This relation is known as the adsorption isotherm.
The curve of Figure la is the one usually associated
with adsorption, and is a type commonly encountered for ad-
sorptions on activated carbon and silica gel. At very small
adsorptions, the amount adsorbed often increases linearly
with pressure corresponding to a Henry's law type relation
S:-k p (2)
where k is a constant. At high pressures, the amount ad-
sorbed increases only slightly with pressure and the quantity
adsorbed appears to approach a saturation value corresponding
to the relation
N : ki (3)
where kl is a constant. If the gas is below its critical
temperature, condensation to a liquid will, of course, occur
at some point as the pressure is increased.
a. Freundlich Equation:
The earliest attempt to obtain a concise analytical
expression for the adsorption isotherm is known as the Freundlich
equation.
N = k pc ()
where k and c are constants. This empirical equation has
been widely used. It is found frequently that the Freundlich
equation fits the experimental data in the middle pressure range
and hence can be used for a moderate degree of extrapolation
of such data. Since the relation does not indicate a Henry's
law form at low adsorptions nor a saturation value for N at
high pressures, it is to be expected that it would not hold
for the complete isotherm range.
b. Langmuir Equation
Perhaps the equation recognized as the most im-
portant single relation in the field of adsorption is that
of Langmuir (88). His derivation (see appendix) involves
a theoretical kinetic approach with the principle assumptions:
(1) The forces of interaction between the adsorbed molecules
themselves are negligible. (2) Surface forces and thus heats
of adsorption over the entire surface are uniform. (3) Only
those molecules are adsorbed that strike bare surface; those
striking molecules already adsorbed on the surface are elastically
reflected. Item (3) is commonly termed uni or monomolecular
adsorption. The adsorption isotherm equation derived is:
a--b p
N = ------ (5)1g a p
where a and b are constants. At low pressures, the relationship
reduces to the Henry's law type while at high pressures, it
indicates N is a constant.
Langmuir's early experiments were at very low pres-
sures (highest 0.13 mm Hg). Assuming that the packing of the
molecules in the adsorbed layer was the same as that in the liquid
state, and knowing the geometric surface of the mica or glass used,
Langmuir concluded that he had always dealt with adsorption in
less than a unimolecular layer.
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The constants in the above equation have theoretical
significance involving the amount of adsorbate to form a single
molecular layer, the heat of adsorption (assumed uniform), and
the absolute temperature. b is expected to change only slightly
with temperature while a is a strong function of temperature.
In general, use of the theoretical significance of the constants
in the equation has had little success, but the relation has
had wide use employing empirical constants. Langmuir pointed
out that his treatment applied to plane surfaces and not to
porous solids which were infinitely more complex. However,
used with empirical constants, the equation often fits the
data on porous solids well in the low and intermediate pressure
region but generaly breaks down at high pressures.
Langmuir also attempted to make allowance for in-
homogeneity in the adsorbent surface, but the resulting equation
was entirely unwieldy.
c. Magnus Equation:
In another theoretidal treatment of unimolecular
adsorption, Magnus (93) attempted to allow for interaction of
the adsorbed molecules and variation in the heat of adsorption.
His final equation has three constants and hence is difficult
to handle. It is reported to have had some degree of success
for adsorption on carbon.
21
d. Potential Theory:
At this chronological sequence, the potential theory
and the capillary condensation theories should be mentioned.
Polanyi's (112) development of the potential theory involves
the definition of the adsorption potential as the compression
work in bringing a molecule from the gas phase to a point in
the adsorbate.
V1, pi
( V d p (6)
V, p
is the adsorption potential at some point where the molal
volume and pressure of the adsorbate are Vi and pi respectively,
while V and p refer to the same properties in the gas phase.
Polanyi postulated that f, is a function of the volume of the
adsorbate, f, and that both quantities are independent of
temperature. Hence,
f f(V) (7)
is the same for all temperatures and from adsorption isotherm
data at one temperature, it should be possible to calculate
isotherms at other temperatures. Below the critical temperature,
the usual assumption made regarding density of the adsorbate
is that it is saturated liquid at the temperature in question.
No analytical expression for the adsorption isotherm results
fr om this theory but use of the relation has met with a reasonable
degree of success in accounting for temperature dependence of
the adsorption isotherm.
e. Capillary Condensation Theory
The capillary condensation theory derives from the
use of the Kelvin equation for vapor pressure lowering over a
liquid in a cylindrical capillary. (see appendix for derivation).
Ps 2 6Vln --- = -- (8)p r R T
where d'is the surface tension and V is the molal volume of
the liquid at temperature T, and r is the radius of the capillary.
The smaller the radius, the greater the vapor pressure lowering.
Therefore, proponents of this theory believe that in capillaries
as small as those in some porous adsorbents, liquid would con-
dense at pressures far below normal vapor pressure. Some em-
pirical and theoretical treatments of this equation have yielded
satisfactory results for correlations of isotherms of vapors
on charcoal and silica gel.
Recent discussion indicates that most investigators
now believe that capillary condensation becomes important only
when the adsorbent has capillaries at least several molecular
diameters in width and at pressures fairly close to the saturation
pressure of the vapor. One argument in favor of the capillary
condensation approach is the possibility of explaining hysteresis.
For some systems, it is observed that for the same amount of
material adsorbed, the equilibrium pressure for the adsorption
side of the isotherm is higher than that for the desorption step.
The adsorption and desorption curves appear to coincide at high
and low pressures but often diverge in the intermediate
region. This phenomenon is known as hysteresis.
f. B E T Equation
Among the more recent theories pertaining to
amorphous adsorbents is that of Brunauer, Emmett, and
Teller (2). They assume multimolecular layer adsorption
and propose that the forces active after the first layer
of adsorbent has been built up are the same as those of
vapor-liquid equilibria. The equation is then derived by
a method that is a generalization of Langmuir's treatment
of unimolecular adsorption.
In its most general form, the B E T equation is
intended-to include an allowance for capillary condensation
at high pressures. This four constant equation is difficult
to handle and has found little application. For the special
case of absence of capillary condensation and adsorption on
a free surface (i.e. no extremely narrow capillaries), the
equation reduces to a two constant form:
nm S P
N = ------------------ (9)
(p - ) 1 + -...- 1)
where nm is the number of moles of adsorbent forming a complete
unimolecular layer and S is a constant. This form of the e-
quation has been subject to the most discussion. Brunauer et al
(23) have tested it for several gases on numerous adsorbents.
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Using gases such as nitrogen at low pressures and temperatures,
the equation is reported to fit the data well within the relative-
pressure range p/ps = 0.05 to 0.35. -Calculation of the constant
nm from plots of experimental data enables calculation of a
theoretical value for adsorbent surface area.
For the case of unimolecular adsorption, the B E T
equation reduces to the Langmuir relation. The B E T theory is
not applicable above the critical temperature where Brunauer
indicates only unimolecular adsorption exists.
3. Harkins and Jura Equation:
Harkins and Jura (6O) have recently derived an ad-
sorption isotherm equation by combining a two-dimensional equation
of state for the adsorbate with a thermodynamic relation derived
by Gibbs for adsorption on a solid surface:
M (10)
ln p = L --
where L and M are constants. Harkins and Jura have tested this
relation on systems and have compared it with the two constant
B E T equation (9). They found agreement as good as the B E T
in the intermediate pressure range and even better at higher
pressure; they also found good agreement for calculated effective
surface areas.
The above discussion of the various adsorption isotherm
equations is a summary of the popular relations and theories
for describing the behavior of gas adsorption. These equations
and theoretical concepts are tested later for conformance to
the data of this thesis.
Numerous attempts have been made to correlate the amount
of a gas adsorbed with its physical properties. Work on ac-
tivated carbon. suggests that the more easily condensable gases
are adsorbed in larger quantity. A fairly good qualitative
correlation for adsorption on carbon states that the amount
adsorbed increases with the boiling point or critical tem-
perature of the gas. While these conclusions appear to hold
for activated carbon, a few more recent experimenters indicate
that silica gel acts in a different manner.- It was found that
silica gel tanded to adsorb preferentially materials that
contained a bridge oxygen atom and that double bonds in a
compound favored increased adsorption.
5. Heats dt'Adsdrption
The adsorption process is accompanied by a heat evolution
known as the heat of adsorption. Experimentally, these quantities
are determined by either isothermal or adiabatic calorimetry.
Calorimetry gives an integral heat of adsorption; i.e., the
total amount of heat evolved for a given amount of material
adsorbed. An approach to the differential heat of adsorption
can be obtained by measuring the heat evolution between suc-
cessive small increments of adsorbed gas, thus obtaining a value
for -, where Q is the heat of adsorption and N is the amount ofjaN
If'
material adsorbed. This is an approximation to the slope
of the Q vs N curve for a given value of N adsorbed. The
heat of adsorption is generally found to decrease with increase
in the amount adsorbed.
An approximate method of calculating the differential
heats of adsorption from the adsorption isotherms at two
different temperatures has grown up around an equation that
is similar to the Clausius-Clapeyron thermodynamic relation
for a reversible monovariant change. Neglecting changes in
the solid and by assuming that the volume of the adsorbate-
adsorbent system for a given amount adsorbed is independent
of temperature, that perfect gas laws apply to the gas phase,
and that the volume of material in the adsorbed phase is
negligible compared to its volume in the gas phase, the relation
obtained is (14
( ) R
N
Q 1
Thus - -N- is -the slope of a plot of ln p vs -g- at constant
number of mols adsorbed. If Q is assumed independent of T, the
equation can be integrated and Q calculated directly. Details
of the derivation are presented in the appendix.
Several comparisons of calculated vs measured values of
differential heats of adsorption indicate agreement within a
few per cent which is of the order of the experimental errors
involved.
6. u$0 rj b'for -dfi E{xties
While the adsorption of single gases by various ad-
sorbents has been the subject of extensive investigation,
similar studies for mixtures of gases have been much less
detailed. A complete discussion of the literature will not
be presented here but is included in the appendix.
In approaching the problem of vapor-adsorbate equilibria
for mixtures the factors to be considered include the following:
(1) Influence of the nature of the adsorbent.
(2) Physical properties of the gaseous components.
For a given adsorbent and gas mixture, the significant
variables include:
( ) Selectivity, i.e., the ability of the adsorbent
to adsorb one component of a mixture in preference
to others.
(4) Capacity of the adsorbent, i.e., the amount of
material adsorbed.
(5) Effect of temperature on selectivity & capacity.
(6) " " pressure "
(7) composition of the phases on selectivity
& capacity.
For the purposes of analytical and theoretical treatment
of gas mixture adsorption, one is also concerned with:
(8) Comparison of the adsorption isotherm of a gas in a
mixture with the corresponding isotherm in the pure state.
The majority of the experimental data on equilibria
presented in the literature pertains to binary gas mixtures
using various types of activated carbon as an adsorbent.
The earliest work was.essentially qualitative in nature of-
fering little opportunity for interpretation in the light of
the variables outlined above. Some papers presenting quan-
titative data have been found and a few conclusions from
their results can be mentioned.
In attempting to predict which component of a binary
mixture would be preferentially adsorbed, first consideration
would be directed perha-p to the relation of the individual
adsorption isotherms of thpure gases. For the existing data,
where the adsorption of one pure component was substantially
greater than that of the other pure material, the same con-
stituent was more strongly adsorbed in the mixture.
Comparing the adsorption of a component from a mixture
with its pure gas isotherm at corresponding partial pressures,
it appears that in general each substance interferes with
the amount of adsorption of the other. This generalization
is not entirely clear cut, for some results show apparent
increased adsorption of a component in a mixture as compared
to its pure gas isotherm.
As would be expected from pure gas isotherm data, amount
of adsorption of a mixture increases at elevated pressure and
decreases at higher temperatures.
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Relative selectivity may be defined in terms of the
composition of the phases in a manner similar to relative
volatility for vapor-liquid equilibria.
yl X2
012 = R~~ (12)
where o12 is the relative selectivity of component 1 with
respect to 2, and yl, y2, and x1 , x2 are the mol fractions in
the vapor and adsorbate phases respectively. Work at moderate
pressures (0.1 to 2 atm) indicates that relative selectivity
increased slightly at the lower pressures. Investigations
of the effect of temperature on 0(, showed a substantial
decrease, in selectivity with increasing temperature over Y
the range 0 to 15000.
Of the various attempts at theoretical treatment of gas
mixture adsorption, efforts to extend the Langmuir approach
are most abundant. However, thermodynamic considerations
discussed later indicate that this method is not correct.
Investigations on the adsorption of gas mixtures were
started in the Chemical Engineering Department at M.I.T.
in 1945 when Huxtable (70) reported that propylene was
preferentially adsorbed from a mixture of propane and propylene
using activated carbon as an adsorbent. This work was fol-
lowed by that of Ku (84) whose Doctor's thesis covered the
binary mixtures ethane-ethylene, propane-propylene, and
isobutane-isobutylene at 25Oand 10000 and a total pressure of
1 atm on carbon black. Ku also reported substantial preferential
adsorption of the olefin in these binary mixtures of gases of
approximately equal molecular weights.
Since Ku's conclusions were based on data of rather poor
reproducibility, Hoffman (64) attempted to check the data for
propane and propylene mixtures on carbon black. He found
negligible selectivity in the system and concluded that Ku
and Huxtable apprently had not reached equilibrium with their
technique.
Table II summarizes the thesis investigations on binary
mixture vapor adsorbate equilibria carried out at M.I.T. up
to the time of the beginning of this present work. The last
six papers are included in the Doctor's thesis of Chertow (26).
Milliken (iO4) demonstrated the difference in action between
triple bonded acetylene and the ethylene double bond on ac-
tivated carbon and silica gel. On carbon, the higher molecular
weight ethylene was more strongly adsorbed while on silica
gel, the more unsaturated acetylene was preferentially adsorbed.
Bareis (8) investigated the effect of a temperature
variation from 00 to 400C for mixtures on silica gel and reported
negligible change in selectivity with temperature. The effect
of pressure variation over the range 0.3 to 1.3 atm..was
studied by Hatch (57); he observed a slight increase in
selectivity at the lower total pressure. Healey (61)employed
total pressures of 4 and 8 atm. and found a marked decrease in
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TABLE II
Investigations ,on Vapor-Adsorbate Equilibria
of Binary Gas Mixtures Carried Out at M.I.T.
Total atm
Pressure
Temp.
00
Huxtable (76)
Ku (_84).
Hoffman (_64)
Milliken (6Od4)
Bareis (8)
Hatch (5)
Healey (6i)
Meisner (103)
03C8-mpo 6
02116-02,H6
O2H 6~ 2Hg
C H8-CH6
C1 H 10~ i 4H8
C 3H6~03"8
C2H 2- 02H4
C2H4-CH
O3H6S-C3HgC2H4-C 2H6
03116-03118
O 2H 4OC 3H
Adsorbent
Active Carboni
Carbon Black2
1. room temp.
25
and
100
25Carbon Black3
PCC4 and SG5
0.33,1.0,1.3SG
SG 4.1, 8.2
1.0PCC
0,25, and 40
25
25
0, 25
1. Merck & Co. activated carbon.
2. Godfrey L. Cabot, rubber grade channel carbon black.
3. carbon black.
4. Pittsburgh Coke & Chemical activated carbon, 28/60 mesh.
5. Davison Silica Gel, Refrigeration Grade, 14/20 mesh.
selectivity with increasing pressure. Meisner's (i03) data
for ethylene and propane mixtures on carbon showed a sub-
stantial increase in selectivity with decrease in temperature
from 250 to OOC; he also indicated very low selectivity in
mixtures containing high concentrations of ethylene.
The purpose of the present thesis on equilibria for
gas mixtures is to extend the existing data by addibional work
on binary gas mixtures using both silica gel and activated
carbon as adsorbents. Particular emphasis is being placed on
obtaining data with activated carbon as well as silica gel
in order that a well-rounded picture of the important factors
involved on both adsorbents may be established. It is intended
to provide an independent check on the reliability of the
previous data and to provide a broader base for the development
of means of predicting and correlating the results. Additional
high pressure data are needed to permit thorough evaluation
of optimum conditions for potential new separation processes
based on the use of adsorbents. Three component gas mixture
studies should aid in formulating theoretical concepts for
mixed adsorption and offer the. opportunity for extending binary
mixture predictions and correlations to the commercially important
multicomponent field.
7. Rate of Adsorption
Physical adsorption of a pure gas on a plane (or free)
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surface is generally acknowledged to be a very rapid process
comparable to the rate of condensation to a liquid by a saturated
vapor. Deviations from this general concept when dealing with
porous, granular adsorbents are often attributed to diffusion
of the adsorbing gas molecules into (or along the surface of)
the pores of the particle of adsorbent6 Lag in some instances
can be the time required for dissipation of heat evolved on
adsorption. Because of the heat evolution, attempts to make
rate studies isothermal usually involve working with small
amounts of material adsorbed or making the heat capacity of
the system large as by employing an inert carrier gas.
The principle effort at evaluation of rate of adsorption,
as indicated by the literature, has been directed toward the
solution of the practical problems involved in fixed bed
industrial solvent recovery and gas mask canister design.
In these cases, the preferentially adsorbed constituent is
carried by an essentially inert gas stream such as air. The
current study is concerned with adsorption conditions where
more than one adsorbable constituent is present in the gas
mixture. Hence, exchange adsorption involving transfer of
constituents in opposite directions must be considered rather
than nidirectional adsorption. No detailed studies of rates
of exchange adsorption have been encountered in the literature.
The scope of the present rate work is merely exploratory in
nature but may serve as a guide for future studies on rate
of exchange adsorption.
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III PROCEDURE
1. Circulating.Apparatus for DeterminingVapor-Adsortate
Equilibria
Figure 3 shows the apparatus developed and used in the
most recent work on vapor-adsorbate equilibria. Photographs
showing overall and close up views are presented in Figures 4
and 5. Equilibrium determinations for binary and ternary
gas mixtures were carried out in this all glass apparatus
by first evacuating the U-tube containing the adsorbent
under investigation and then admitting measured volumes of the
pure gases to be studied. Circulation of the gas mixture
over the adsorbent at a constant temperature was accomplished
with the mercury pump BC. This pumping device was patterned
after the old type Sprengel pump formerly used for obtaining
high vacua; it operated by letting mercury drops fall into
a glass capillary tube trapping slugs of gas between suc-
cessive drops of mercury which moved by gravity to the bulb
C. Mercury was admitted and removed from the reservoirs
through mercury seals so that there was no opportunity either
for air to get into the system or for the gases under inves-
tigation to escape.
After circulation of the gas for one hour, the volume of
gas remaining unadsorbed was measured (exclusive of dead space)
and its composition was determined by conventional Orsat
analysis methods to give the equilibrium vapor composition.
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All gas mixture measurements with this apparatus were
carried out at 760 mm total pressure and 2500. Mercury
was used as the confining fluid throughout.
Details of all procedures are presented in the appendix.
2. Reverse Pass' quiiiiun 'Apparatus
Prior to development of the improved circulation e-
quilibrium apparatus, a unit of the type depicted in Figures
6, 7 and 8 was employed. This equipment was developed and
used previously by Chertow (26) and his coworkers. The funda-
mental dihference in this method was the manner in which the
gases were mixed and passed over the adsorbent. In the cir-
culation apparatus, the gases were pumped always in one direction
providing for continuous mixing of the unadsorbed gas with
that just removed from the adsorption chamber. The reverse
pass apparatus (Figure 6) passed the gases back and forth
over the adsorbent and mixing was obtained by means of the
washer-magnet combinations 10, 11 in the reservoirs, 9 and 16.
Pumping of the gases from one reservoir to the other, for
example, from reservoir 9 to 16, was accomplished by raising
mercury leveling bulb, 7 on reservoir, 9 and lowering the
leveling bulb of reservoir 16. Them, by manual control of
the hose cocks acting on the rubber tubing leading to the
two leveling bulbs, mercury was admitted to reservoir 9 and
let out of #16 at such a rate that the mercury level in the
15 '
7 7
FIGURE
APPARATUS GAS ADSORPTION
7
FOR
40-
IEGEND OF FIGURE 6
1. Gas inlet
2. A to G two-way stopcock
5. Mercury compensator manometer
4. Compensator tube
5. Buret water jacket
6. 100 cc calibrated buret
7. Mercury leveling bulb
8. Mercury seal two-way stopcock
9. Pre-mix chamber buret
10. Iron washer
11. Magnet
12. Glass wool
13. Glass container
14. Adsorbent
15. Reflux condenser for boiling ethylene glycol
16. Reservoir buret
17. Reservoir manometer
18. Barostat
19. Barostat manometer filled with mercury
20. To vacuum pump
21. 100 cc calibrated gas analysis buret
22. Water manometer
23. Burrel contact pipette
24. Burrel Francis auto bubbler pipette
25. To atmosphere
8 mm. capillary glass tubing
8 mm. glass tubing
N
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manometer arm 17 matched that in reservoir 16. Matching
these two mercury levels indicated maintenance of constant
pressnre in the system.
After a suitable number of passes had been made, the
composition of the vapor and adsorbate as well as the amount
adsorbed was determined as described previously.
30 HighPresaure Apparatus
A diagram and photo of the high pressure apparatus used
is shown in Figures 9 & .0. This unit was of steel construction
and was the same as that used by Chertow and Healy (6i) in
their work. The method used for pumping the gas mixture over
the adsorbent was the same in principle as that for the
reverse pass glass equilibrium unit. However, here the
reservoirs were steel cylinders half filled with mercury and
connected at their bottom by a steel pipe. The unit was
suspended from a pin and by tilting the entire combination,
the mercury flowed from the high reservoir to the lower
through the connecting bottom pipe thus forcing the gas oc-
cupying the upper part of the reservoirs to pass through
the adsorbent U-tube to the other chamber.
One of the reservoirs was provided with a sectional
heating coil to provide thermosiphon type mixing of the gases
to be investigated before they were admitted to the adsorption
chamber. Since it was not feasible to measure the volumes of
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the pure components admitted.to the system at elevated
pressures, the amount and composition of the material
adsorbed were determined by desorption. Vapor composition
was obtained by gas analysis of a sample of the residual.
unadsorbed gas. Dead space volume was measured with helium
as usual.
High pressure desorption isotherms were obtained with
the same apparatus by isolating the gas reservoirs from
the adsorption chamber with suitable valves. After evacuation
of the U-tube and lines, the pure gas was admitted to the
adsorbent up to the maximum pressure to be investigated.
Successive small amounts of gas were removed from the ad-
sorption chamber into the desorption pump and thence were
measured in the gas measuring buret. The corresponding ad-
sorption chamber pressure was read on a calibrated closed
end gas manometer made of capillary glass tubing and employing
mercury as the confining fluid. The total amount of gas
originally charged to the system was obtained by complete
desorption using an ethylene glycol bath for heating the
adsorbent in conjunction with the modified Toepler desorption
pump.
4. Freparafioni'6t the 'Adsdben
The adsorbent was weighed in an as received condition
and placed in the adsorbent U-tube. As indicated by previous
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By a material balance, the amount and composition of the ad-
sorbate was calculated; in addition, the volume and composition
of the adsorbate could be determined directly by desorption.
Establishment of the amount and composition of the ad-
sorbate required correction for dead volume; this was the
volume of the adsorption chamber defined by the stopcocks
A and F and the fixed manometer reference mark corresponding
to the zero reading on the manometer scale. This represented
the adsorbent pore volume and interparticle void space plus the
volume of the apparatus capillary lines which could not be
purged by filling with mercury. Dead space was determined
by introducing measured amounts of helium into the evacuated
adsorption chamber. Helium was essentially unadsorbed at the
temperature used in these investigations (23).
Adsorption isotherms of the individual pure compbnents
were obbained by admitting successive increments of measured
gas volumes to the originally evacuated adsorbent. After
allowing time for attainment of equilibrium and adjusting
the mercury manometer level to the dead space reference mark,
the pressure over the adsorbent was read from the manometer.
Correction of the known volume of gas admitted for the amount
unadsorbed in the dead space yielded the amount adsorbed
and hence a point on the adsorption isotherm. Also, the
combination reservoir-desorption pump, E was used to remove
the gas from the adsorbent and thus the desorption characteristics
of the system were checked.
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investigator (23), one of the most satisfactory methods
of preparing the adsorbent is to adsorb and pump off
repeatedly the gas which is to be studied subsequently.
It has been found that this procedure apparently assists
in purging interfering constituents and helps in obtaining
consistent results. This technique was followed in all e-
quilibrium studies. Prior to each run, the standard de-
gassing procedure consisted of evacuating for 1 1/4 hours
while the adsorbent U-tube- was submerged in an ethylene
glycol-water bath boiling in the range 14-1600C for one
hour of this time. At the end of this period, the pressure
as determined by a McLeod gage ranged from 2-7 microns.
The same sample of adsorbent was used throughout a series
of runs barring accidents which might have necessitated
its replacement. Previous work has shown no change in
activity of a sample of silica gel after a series of 40 such
runs(5"7).
5. Materiais Used
Adsorbents used were the following:
Silica Gel, Davison Chem. Corp., Refrigeration Grade
14/20 mesh.
Activated Carbon, Pittsburgh Coke,& Chemical Co.
Type A 366 C 28/60 mesh, Ref. No. Ey-51-C (Coal Base).
Columbia Activated Carbon, Carbide & Carbon Chemicals Corp.
Grade G, 8/14 mesh. (Coconut shell base).
All gases were C.P. grade. Olefins used were checked for
total unsaturation and agreed well with specifications.
Details are reported in the appendix.
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The current work is the result of a cooperative
effort including several Bachelors and Masters theses
as well as the data obtained by the writer. It is
desired to acknowledge the work of the following men
whose results are included in the discussion.
Iniedtiia todr'
Hamm (5)
Pasher (08)
Robb (L15)
Maher (97)
Friedman( 5))
Telesca(_11)
ft
Manz (98)
1.
2.
3.
Total Pressure
ddniidensiiddi tiiComponents Ad tm emp.
iC4Hi 0-C4H8-l PCCland SG2  1.0 25.
C2H6-C38 FCC and SG 1.0 25.
0214, 03H8, C4Hg-1 PCC and SG 1.0 and below 142-2
C2H-C216 SG 2.55,7.85,19.2 25
C2H 4-C H G3  2.25,7.40 25
CH4-C2H. G and SG 1.0 25
C214-02H6 G 1.0 25
C2H4- 3H6  G 1.0 25
C2H4-C2H6  SG 1.0 25
Pittsburgh Coke & Chemical activated carbon, 28/60 mesh.
Davison Silica Gel, Refrigeration Grade, 14/20 mesh.
Columbia G, activated carbon 8/14 mesh.
Results and discussion for adsorption isotherms are
presented in the following sequence:
6d
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a. Data at 25 0C and pressures from 0 to 1 atm
on three adsorbents. PCC (Pittsburgh Coke &
Chemical) Carbon, Columbia G carbon, and
silica gel.
b. High pressure isotherms at 250C and up to
20 atm pressure on Columbia G carbon and
silica gel.
c. High temperature isotherms from 0 to 1 atm
on PCC carbon and silica gel.
d. Individual isotherm correlations.
e. Generalized correlations for isotherm data,
f. Heats of adsorption.
In general, when comparing the degree of adsorption
of various gases, the expression "more strongly adsorbed"
refers to the gas showing the greater amount adsorbed for
a given gas phase pressure.
a. Data at 250C and pressures from 0 to 1 atm:
The results for six hydrocarbon gases on PCC carbon
are shown in Figure 11. The curves for acetylene and ethylene
are from the work of Milliken (iO), Meisner, (10 ), and
Chertow (26). The experimental data for ethane (108), propane (108),
butene-1 (32), and isobutane ( ) are tabulated in Tables III-VI.
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TABLE III
Ethane Isotherm on PCC Carbon
25.0 .10C
P
Pressure mmIg
N
Miiiigram mois id4
gm
Adsorption
o.167
.381
.625
.925
1.16
1.35
1.62
1.82
2.06
2.21
Recalculated data of W.V.Pasher(18)
12.5
37.0
69.5
128.0
180.0
230.0
312.0
399.5
512.0
597.5
751.5
TABLE IV
Propane Isotherm on FCC Carbon
25.0 ± O.1C
P
Pres sur e, mm Hg
Adsorption
Desorption
N
0.301
-667
1-18
1.68
2.27
2.75
3.15
3.19
3.27
3.34
3.40
3.03
2.83
2.68
2.41
2.12
1.83
Recalculated data of W.V.Pasher (108)
4.0
19.5
48 .578.5
149.0
275.0
550.5
586.5669.0
687.0
812.0
460.5
317.5
276. o
180.0
122.5
89.5
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TABLE V
Butene-1 Isotherm on PCC Carbon
25.0 ± .10C
N
g,mq~ a
Adsorption
Desorption
2.51
3.02
3.22
3.36
3.46
3.55
3.65
3.72
3.78
3.83
3.66
3.59
3.36
3.15
2.82
2.08
Data by F. F. Hamm (69)
70.0
166.5
250.0
323.0
393.5
471.0
543.0
626.0
692.0
748.5
614.5
534.0
441.0
334.5
223.0
109.0
21.0
Pressure.m Hg
TABIE VI
Isobutane Isotherm on PCC Carbon
25.0 F- 1OC
Pressure mm Hg
2.5
23.5
70.5
141.5
180.0
277.5
340.0
432.0
495.0
555.0
634.0
710.0
747.0
578.5
474.0o
4o1.0
335.5
253.5
158.0
79.5
N
Mill igram *mos 'ads'
gmnc
Adsorption
Desorption
0.312
1.46
2.27
2.59
2.72
2.91
2.99
3.06
3.13
3.18
3.25
3.31
3.33
3.20
3.11
3.04
2.97
2.88
2.70
2.46
Data by F. F. Hamm (9)
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TABLE VII
Methane Adsorption Isotherm on Columbia G Carbon
25.0 ± 0.100
Adsorption
Run 1
Adsorption
Run 2
milligram mols ads
N gm carbon
0.066
.180
.292
.507
.731
.949
0.435
1.03
1.13
Desorption
Adsorption
o.81o
.636
.396
0.987
1.10
Desorption
0.899
Recalculated data of
R. S. Friedman (5)
P mm Hg
30.5
72.0
123.0
237.0
381.0
547.5
201.0
645.0
755.0
44.0
318.5
166.0-0
589.0
699.5
504.5
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TABLE VIII
Ethylene Adsorption Isotherm on Columbia G Carbon
25.0 t. 0.100
P mm Hg
milligram mols ads
iv gm carbon
Adsorption
1.04
1.86
2.39
2.66
2.95
3.36
3.57
Desorption
3.28
2.95
2.59
2.25
1.80
Data of D. R. Telesca (117)
46.0
149.5
266.5
345.0
445.5
629.5
757.0
590.5
439.5
315.5
218.5
134.0
TABLE IX
Ethane Adsorption Isotherm on Columbia G Carbon
25.0 ± 0.100
P mm Hg
milligram mols ads
_gm i
Adsorption
Desorption
0.888
1.63
2.14
2,60
3.07
3.42
3.66
3.90
3.64
3.46
3.30
2.95
2.63
2.00
1.42
Recalculated data of
D. R. Telesca ()
23.5
79.0
146.5
240.5
373.5
500.0
617.5
761.5
89.5
.98.5
426.0
300.5
219.0
111.0
53.0
TABLE X
Propylene Adsorption Isotherm on Columbia G Carbon
25.0 ± 0.100
N
Miii'gram Imos ads
g-m
Adsorption
Desorption
2.56
3.28
4.08
4.,70
4.86
5.03
4.88
4,67
4-42
4.0l
3.76
Data of D. R. Telesca (ii)-
F -m , Hg
53.5
100.0
220.5
481.0.
601.0
761.5
597.5
456.0
315.0
176.0
107.0
6.1
TABLE XI
Propane Adsorption Isotherm on Columbia G Carbon
25.0 0.100
P ,mmH Ng Ni ,grim mols
Sample-Ga3'
53.0
160.0
262.0
445.0
551.5
650.5
749.5
942.0
995.0
Adsorption
Desorption
762.0'
447.5
260.5
55.5
Sample G-4
95.0
200.0
383.0
565.5
768.5
Adsorption
3.20
3.76
4.17
4.37
4.53
2 .46
3.50
3.85
4.18
4.30
4.4o
4.47
4.57
4.60
4.44
4.26
3.98
3.06
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TABIE XII
Methane Adsorption Isotherm on Silica Gel
25.0 ± 0.100
Adsorption
N
3smn'ois
0.0295
.0460
.0629
.o844
.108
.122
Desorption
.0879
.0619
.0295
.0130
Recalculated data by
R. S. Friedman (5)
180.5
285.5
529.5
678.0
766.0
547.5
369.0
175.5
72.5
f34'
TABLE XIII
Ethylene Adsorption Isotherm on Silica Gel
25.0 t. 0.100
P m Hg
Adsorption
milligram I mols acds
N
Desorption
55.5
211.5
503.5
758.0
336.0
107.0
0.150
-766
.993
44.4
5.52
1.70
1.013
.592
.259
2.85
14.9
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TABLE XIV
Butene-1 Isotherm on Silica Gel
25.0 ± .100
Pressure, mm Eg
Adsorption
40
79
133
224
312
407
497
609
685
Desorption
652
549
456
350
263
172
97
milligram mols ads
-m
1.09
1.81
2.19
2.46
2.68
2.86
3.07
3.19
3.28
3.14
2.96
2.80
2.56
2.33
2.02
1.62
1.15
Data by F. F. Hamm (59)
TABLE XV
Isobutane Isotherm on Silica Gel
25.0 t .100
sure mlgmp mol ads
Adsorption
0.217
-574
1-04
2.5
2.53
Desorption
1.99
1.45
1.07
15.5
62.5
155.5
264.0
605.0
757.5
254.5
149.5
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TABLE XVI
Ethylene Adsorption Isotherm on Columbia G Carbon
25.0 ± 0.20C
sorDtion Total
(atn)
0.473
1*00
2.01
.03
43
5.80-
7.17
9.22
11.19
12.89
14.50
16.24
17.94
19.43
21.28
Adsorption
3.63
4.48
4.91
5.32
5.60
5.77
5.97
6.09
6.16
6.24
6.20
6.22
6.23
6.16
Pressure
{psia)'
-6,95 -
14.70
29.6
44.6
65.1
85.3
105.14
135.6
164.5
189.5
213.1
238.8
263.7
285.6
312.9
Run'#6
0.465
1.01
1.56
2.35
3.72
4.92
6.43
7.81
9.38
11.22
12.92
14.61
16.11
17.84
19.37
20.96
2.70
3.61
4.14
4.60
5.12
5.38
5.64
5.81
5.94
6.05
6.08
6.08
6.11
6.13
6.07
5.96
Data by R. D. Maher (9L)
Ad~
6.83
14.82
22.9
34.5
54.7
72.3
94.5
114.8
137.9
164.9
189.9
214.7
236.8
262.2
284.7
308.1
Ae
69
TABLE XVII
Propane Adsorption Isotherm on Columbia G Carbon
25.0 40.200
ihix '#7
Adsorption
Pressure
-7.02-
14.83
24.7
47.0
59.8
71.6
84.4
97.4
109.4
121.2
0.478
1.01
1.68
2.37
3.20
4.07
4.87
5.74
6.63
7.448.24
Total
Adsorption
(Mi6inidis/girani)
4.35~
4.74
5.00
5.11
5.20
5.28
5.29
5.32
5.3
5.3
5.31
tin'#8
0.456
1.01
2.02
3.03
4.04
4.98
6.o6
o.6
0.11
Data by R. D. Maher (L7)
6.71
14.92
29.7
44.5
59.4
73.289.1
103.8
119.2
4.34
4.77
5.10
5.21
5.29
5.31
5.32
5.35
5.35
70
TABLE XVIII
Ethylene Adsorption Isotherm on Silica Gel
25.0 t 0.20C
Run #1
Adsorption
Pressure
(yid (ini)
6.777
14.35
29.65
42.9
62.9
88.5
112.3
138.3
163.25
191.0
210.9
228.5
256.4
275.3
295.0
313.2
0.46i1
0.976
2.02
2.92
4.28
6.02
7.64
9.41
11.11
12.99
14.35
15.54
17.44
18.72
20.07
21.31
Total
Adsorption
(Miiiiaois/gam)
o.6o1
0.965
1.45
1.70
2.03
2.34
2.58
2.79
2.96
3.13
3.21
3.29
3.42
3.52
3.58
3.67
Ann'#
7.09
14.7
34.7
95.0
115.3
134.9
164.1
189.5
215.9
243.0
270.1
291.8
313.2
0.482
1.00
2.36
6.46
7.84
9.18
11.16
12.89
14.69
16.53
18.37
19.85
21.31
0.615
0.991
1.53
1.9
2.41
2.62
2.77
2.95
3.10
3.23
3.35
3.44
3.49
3.62
Deta by R. D. Maher (6i )
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TABLE XIX
Ethane Adsorption Isotherm on Silica Gel
25.0 ± 0.20C
Adsorption
Pressure
(psfia)'''' ,dtn)
Total
Adsorption~
(Milinio0is/gr~am)
iiuii
0.460
0.995
2.03
3.01
4.48
6.9 ~
S.85
9.48
11.28
12.75
14.51
16.24
18.07
19.70
21.27
0.389
0.971
2.36
6.45
7.82
9.52
11.61
14.51
16.16
17.89
19.58
21.31
0.343
0.595
0.980
1.24
1.55
1.90
2.20
2.44
2.63
2.81
3.00
3.14
3.29
3.41
3.48
0.292
0.571
1.03
1.40
1.65
1-97
2. 18
2.42
2.71
2.96
3.12
3.23
3.33
3.46
Run 4
Data by R . D. Maher (97)
6.T6
14.63
29.9
44.3
65.9
89.5
115.4
139.3
165.8
187.4
213.3
238.8
265.6
289.6
312.7
5.72
14.28
34.7
54.7
71.6
94.8
115.0
139.9
170.6
213.3
237.6
263.0
287.8
313.2
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TABLE XX
Ethylene Isotherm on PCC Carbon
N
P mm .Hg milligram mols ads
gm
at 2210C
Adsorption
182.0
381.5
554.5
729.0
479.0
263.0
137.5
0.0390
.0795
.115
.143
Desorption
.0967
.0563
. 0285
at 24400
Adsorption
172.5
398.5
645.0
745.5
Desorption
428.0
221.0
113.5
0.0276
.0619
.0972
.111
.0668
.0354
.0183
Recalculated Dpta of
L. E. Robb (115)
TABLE XXI
Propane Isotherm on PCC Carbon
N
miliir 'ms'a ds
gui
at 221 0 C
Adsorption
0.0665
-252
.393
-466
Desaption
.339
.269
.209-
at 24100
Adsorption
0.0716
.219
-279
.383
Desorption
.308
.212
-143
Recalculated Data of
L. E. Robb (115)
P mW ,g
66.5
321.5
583.0
745.5
460.5
331.5
234.5
84.0
336.0
460.5
731.0
535.0
318.0
194.5
-F-
. .. , . ... .. gute'14
E~~o"ate226R 
------ li& e4
.-. or,
-0-'
0 200 400' ~ 600.-
-pmf&. ..
8o. 1000.
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TABI XXII
Ethylene Isotherm on Silica Gel
N
millgrammols ads
.MM Hg g
at 1420C
Adsorption
15.5 0.00223
43.0 .o611
110.0 .0149
184.5 .0251
332.0 .o448
379.5 .0509
432.5 -0578
485.5 -0642
539.0 .0711
585.0 .0766
626.5 -0814
Desorption
447.0.0589
265.5 .0354
158.5 .0208
at 1750C
Adsorption
242.5 0.0204
551.0 .- 0459
595.5 -0496
710.0 .0593
454.5 Desorption .0376
316.0 .0264
128.0 .0107
at 226 0c
172.0 Adsorption 0.00746
335.5 -0147
580.5 .0252
701.0 .0305
Desorption
520.5
359.0
218.5
-0227
-0157
.00909
Recalcut'ted Data of L. E. Robb (1)
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TABIE XXIII
Propane Isotherm on Silica Gel
N
uligrni 'nioi ids
P, mm Hg gm
at 175 0C
Adsorption
297.5
388.0
602.0
668.5
432.5
296.5
160.0
Desorption
4.0414
.0529
.0809
.0895
.0592
-0410
.0225.
at 230QC
Adsorption
0.00519
-0145
.0262
.0368
.0411
Desorption
.0248
.0131
.00663
Recalculated Data of
L. E. Robb (115)
92.0
245.0
428.5
608.5
683.0
415.5
237.0
142.5
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TABLE XXIV
Butene--l Isotherm on Silica Gel
gmip, mmHg
at 144oc
Adsorption
0.107
.163
.201
.29
398
-473
Desorption
at 1800C
Adsorption
392
-318
.249
.204
0.0953
-190
.266
Desorption
232
.185
-1N4
.115
.0572
.0517
Recalculated Data of
L. E. Robb (1)
110.5
179.5
231.0
385.5
521.0
668.5
508.0
375.5
262.0
195.5
219.5
461.5
622.5
491.5
376.0
240.5
160.0
35.5
26.5
Inspection of Figure 11 indicates that the curves are
similar in shape and are of the classic adsorption isotherm
form. The data show the characteristic high adsorption at
low pressures and as the molecular weight of the gas increases
this property is all the more definite. None of the com-
ponents show saturation of the adsorbent as evidenced by
flattening of the isotherm but the higher molecular weight
materials are apparently much nearer such a condition than
the light hydrocarbons.-
As indicated in the Introduction, a fairly good qualitative
correlation for the amount of adsorption on activated carbon
shows increased adsorption with higher boiling point, critical
temperature, or.van der Wahls attraction constant, a, of
the gas. For a group of materials such as the hydrocarbons
under investigation, molecular weight shows similarity to
the above properties. Table XXY presents a comparison of
molecular weight, boiling point, and critical temperature
for the gases whose adsorption isotherms are compared in
Figure 11. Molecular weight, boiling point, and critical
temperature are entirely parallel for the ethylene, ethane,
and propane but the boiling point and critical temperature
do not agree with the molecular weight classification for
the Q%'s or for acetylene. For acetylene adsorption the
molecular weight analogy is followed while the other two
properties are in line for butene-1 and isobutane adsorption.
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TABIE XXV
Comparison of Molecular Weight, Normal
Boiling Point, and Critical Temperature
'Hydrocarboni
CHg
02H14
02116
C4H8-1
104H 10
M6l O-gt.
16.0
26.0
28.1
30.1
44.1
56.1
58.1
at 760mm
'B.P.0K
112
190
169
185
226
231
267
263
Perry (O)
TI0K
191
309
283
305
366
370
421
407
Figure 11 indicates, however, that isobutane is not
only less strongly adsorbed than butene-1 but its isotherm
intersects propane at about one atmosphere. It is in-
teresting to speculate as to the reason for this behavior.
Based on the concept of physical adsorption as the result
of van der Waals forces of both the adsorbent and the gas
molecules in question, it is understandable that the
aggregating or adsorption forces are greater with increasing
molecular weight just as in liquefaction. This is reasonable
for simple molecules such as the straight chain hydrocarbons.
However, the action of isobutane indicates that other factors
are involved. Possible explanations are considered later
in the discussion.
Figure 11 also shows that at low pressures ethylene may
be adsorbed a little more strongly than ethane. This is
understandable since there is only a 71 difference in the
molecular weights and later data indicate that even carbon
tends to adsorb unsaturated compounds more strongly than
the corresponding saturated compounds of the same number
of carbon atoms.
Both adsorption and desorption points are presented in
Figure 11. Good reversibility is shown and no hysteresis
is evident with the possible exception of one or two points
at-low pressures on the C4 isotherms. Polymerization effects
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were apparently encountered when working with butadiene
on PCC carbon for only 95% of the material originally
adsorbed could be recovered and the activity of the
carbon was greatly reduced thereafter. Hence, satis-
factory data were not obtained for butadiene.
Data for the adsorption isotherms of five hydrocarbon
gases on Columbia G carbon are presented in Figure 12 and
experimental points are tabulated in Tables VII-IX.
Here, the isotherms are of a shape similar to those on
PCC carbon. Note, however, that the scale in Figure 12
is much smaller than that of Figure 11 and thus Columbia G
carbon shows much stronger adsorption of the hydrocarbons,
increases ranging from 40-60% greater than the amounts
adsorbed on PCC carbon.
The comparison of molecular weight, boiling point, and
critical temperature for thesegases shown in Table XXV
reveals that these three properties are parallel, With
the notable exception of propylene, the amount adsorbed
increases with increasing molecular weight, boiling point,
and critical temperature.
Hoffman(64), working with Chertow (26), investigated the
isotherms of propane and propylene on Godfrey L. Cabot
carbon black (a rubber reinforcing type). Hoffhan observed
that at 1 atm. propylene was adsorbed about 7% more than
propane. The present data on Columbia G carbon indicate
that propylene is adsorbed about 10% more strongly than
propane.
These facts may be explained by considering that an
element of molecular structure is playing a part in the
adsorption. Apparently the unsaturated structure of
propylene is responsible for its greater adsorption
than propane. Ethylene is less strongly adsorbed than
ethane on Columbia carbon and also FCC carbon except
at low pressures. Acetylene is also less strongly ad-
sorbed than ethylene and ethane on FCC carbon except at
low pressures. However, the molecular weight diference
for the C2 gases is about 7% while for the C31s the dif-
ference in molecular weight is less than 5%. Thus, there
is a qualitative indication that perhaps the molecular
weight difference is the controlling factor for the lower
molecular weight C2 gases while for the higher molecular
weight propane and propylene, unsaturation is the controlling
element and causes increased adsorption of propylene.
The greater adsorption of an unsaturated constituent might
be explained on the basis of greater van der Waals forces
around an unsaturated molecule; greater polarity making
for greater aggregating forces with the adsorbent. Ad-
mittedly, the hydrocarbons are essentially nonpolar materials.
But, perhaps the molecular force fields of the unsaturated
compounds are strong enough to be detectable in certain
cases of carbon adsorption. These effects might be ex-
pected to be all the more evident at low pressures and
small amounts adsorbed. However, the current data are
not sufficiently precise at low pressures to permit
evaluation of this point.
The isotherms of ethane, propane, and propylene on
Columbia G carbon show signs of hysteresis when desorption
is carried out after adsorption. It is not detectable
for methane and ethylene but is evident to some extent
for ethane and appears definite for propylene and propane
below 200mm pressure. Irreversible polymerization did
not occur because the adsorbed gas could be entirely
removed with the aid of heat and a desorption pump.
Also, successive isothermal adsorptions and desorptions
of the same batch of gas on the same carbon sample, re-
produced the amount adsorbed at atmospheric pressure and
appeared to do the same for the adsorption and desorption
branches of the curve. This action has all the characteris-
tics of reversible hysteresis but it is surprising that
it occurs at such low relative pressures, p/ps. (For propane
at 200mm. p/ps=0.028 5). It is generally believed that
capillary condensation, which offers some explanations for
hysteresis, cannot occur at low relative pressures since the
diameter of the capillary would have to be of the order of
molecular dimensions to accomplish such a vapor pressure
lowering. (See the Kelvin equation).
Columbia G carbon is a coconut shell base material and
these carbons are often noted for a phenomena known as drift.
In such a case, rate of adsorption is rapid at first but
is followed by a period of very slow increase in adsorption
which may require a matter of days to reach equilibrium.
Drift has not been found associated with the hydrocarbon
gases in the literature. It apparently played no important
part in the present data for special care was taken to assure
equilibrium for each isotherm point on this carbon. The
pressure at each isotherm point was held constant (within
0.5 mm Hg) for a period of 20-30 minutes before taking the
data and in some cases the determination of the entire
isotherm required a period of 3 to 4 hours.
The isotherm results for the hydrocarbons on silica gel
at 2500 and pressures up to 1 atm. are shown in Figure 13.
Data of the current work are presented in Tables XII-XV; the
position of the curves for acetylene, ethane, propylene
and propane (from the work of Chertow and coworkers) are
dotted in Figure 13, The ethylene isotherm presented com-
pletely parallels but is about 2-3% higher than the one
previously presented by Bareis(8). This is in line with
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the observation of Hatch (67) whose results indicated that
Bareis's (8) ethylene isotherm was just a little low. The
propane isotherm results of Chertow (26) were checked by
the writer; data are presented in the Appendix.
The results show that for the paraffin hydrocarbons,
methane, ethane, propane, and isobutane, the more easily
condensable higher molecular weight gases are adsorbed in
largest quantity. On the other hand, ethylene is more
strongly adsorbed than ethane, triple bonded acetylene
and propylene more than propane, and butene-1 much more
than isobutane.
The ability of silica gel to preferentially adsorb
unsaturated hydrocarbons was clearly demonstrated by
Chertow and coworkers (26). Magnus and Teller (95) pointed
out that while hydrocarbon adsorption on carbon increased
with the length of the carbon chain, silica gel tended
to preferentially adsorb materials that contained a
bridge oxygen atom. The behavior of silica gel was also
noted by Edse and Harteck (44) who found propylene more
strongly adsorbed than propane. A number of workers at
the Bureau of Standards (08) have demonstrated the selective
affinity of silica gel for certain hydrocarbon structures
when using liquid phase techniques.
As on activated carbon, molecular weight or condensation
characteristics are important factors in evaluating the
adsorption isotherms on silica gel, but unsaturation in
the molecule is of much greater importance than it ap-
pears to be for carbon adsorption.
b. Data at 250C and pressures up to 20 atm.:
Figure 14 shows the adsorption isotherms of
ethylene and propane on Columbia G carbon and ethylene and
ethane on silica gel at high pressures. The ethane and
ethylene isotherms on silica gel maintain their respective
positions established by the low pressure data; their
behavior is normal except that they appear to be converging
at the highest pressures. On carbon, however, both
ethylene and propane have reached saturation adsorption
values where increased pressure fails to increase the
amount of material adsorbed. The saturation value for
ethylene is greater than that for propane and hence the
ethylene curve crosses that propane. Thus, the qualitative
correlation of the amount of a gas adsorbed with its
molecular weight must not only be modified by consideration
XC unsaturated structure but also by saturation value for
adsorption. The previously noted intersection of the
isobutane isotherm with that of propane on PCC carbon
at low pressures (Figure 11) falls into this category for
apparently the adsorption of propylene might be greater
than that of isobutane at higher pressures. The ability
of the lighter constituents to adsorb a greater number
of mols per unit weight of adsorbent at saturation would
seem to be associated with the physical size of the
individual molecule. Thus, the larger propane molecule
apparently covers a greater fraction of the active
adsorbent surface per mol adsorbed than the ethylene
molecule and hence, at saturation more ethylene can
be put on the surface.
The possibility of reaching a saturation value ap-
pears to have no particular relation to whether a gas
is above or below its critical temperature, for at 250C
ethylene is just above its critical while propane is
just below. Presumably ethylene -and ethane would reach
saturation values on silica gel if the pressure was in-
creased still further. Frolich and White (52) working
up to presaires of 130 atm obtained saturation values for
methane and hydrogen on active carbon at temperatures
far above.their criticals.
The data on carbon show what appears to be a slight
decrease in adsorption at higher pressures after the saturation
value has been reached. This observation was also made
by Fralich and White (52), by McBain and Britton (21) working
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with ethylene on carbon at 0, 20 and 450C and pressures up
to 60 atm, and by Antropoff (7) and Coolidge (28). This
phenomenon might be explained on the basis of exKperimental
technique but most investigators believe the effect at-
tributable to factors such as those involved in retrograde
condensation.
These isotherms differ from the previously discussed
low pressure data in that they are desorption isotherms
rather than the adsorption and desorption data obtainable
in the glass equipment. Since it was not practical to meter
accurately the gases at high pressures in order to build
up an adsorption isotherm, the adsorbent was charged to
its maximum pressure first and then careful measurement
of the desorbed gas was carried out. The reliability
of the results is.indicated by the fact that they check
independently obtained low pressure data within 2-3% at
1 atm. In addition, excellent reproducibility is indicated
by -the agreement of check runs on each gas.
c. High temperature isotherms from 0 to 1 atm on PCC
carbon and silica gel:
In order to consider the temperature that would be neces-
sary for regenerating these adsorbents, some exploratory work
was carried out with high temperature isotherms. The data
for ethylene and propane at 221 00 and about 240 0C on PCC
carbon are presented in Figure 15. These isotherms show
little of the characteristic high adsorption at low
pressures. -In fact they are at sufficiently low adsorptions
to be approaching the region where the Henry's law,
straight relationship would be obeyed.
High temperature isotherms for ethylene on silica gel
are shown in Figure 16 and for propane silica gel in Figure 17.
These data can be represented by straight lines and hence
the isotherms correspond to the linear Henry's law relation.
Note the great sensitivity of the amount adsorbed to tem-
perature change; raising silica gel temperature 200OCdisplaces
97% of the ethylene adsorbed at the lower temperature at a
pressure of 1 atm.
Figure 18 shows an example of apparent polymerization
of an unsaturated hydrocarbon on silica gel at -elevated
temperature. Butene-1 was found to be adsorbed reversibly
at 250C but the desorption points shown in Figure 18 show
irreversibility at 144 and 180 0C. The only other case of
polymerization encountered in this work was that of butadiene
mentioned previously.
In summary of the factors that must be considered in
evaluating the relative degree of adsorption of these pure
hydrocarbon gases on these adsorbents, the following items
may be mentioned:
(1) The general aggregating forces associated with
gas molecular weight or condensation properties.
(2) Elements of structure,such as unsaturation, that
may make for increased affinity for the adsorbent.
(3) Consideration of the saturation value of the ad-
sorbent and the general physical size of the gas
molecule in question.
When carbon is the adsorbent, gas molecular weight can
be expected to be the predominating influence. If the molecular
weights are close, however, (e.g. propane and propylene) un-
saturation can be the deciding factor on carbon. Unsaturation
in the gas molecule is much more important for isotherms
carried out on silica gel.
d. Individual isotherm correlations:
Numerous efforts at empirical and theoretical correlations
of adsorption isotherms have been presented in the literature.
In this section, the four important types discussed in the
Introduction are tested by plotting to obtain straight lines
if the data agree with the correlation.
The Freundlich equation,
N ek Pc ()
can be plotted on log-log coordinates to test for its ap-
plicability. The Patrick equation, a form based on the Kelvin
relation for capillary condensation, is also covered by this
same test. The results up to 1 atm pressure, Figures 19, 20 and 21,
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Figure 19
Freundlich Plot for Lov Pressure Data on PCC Carbon
at 25.0 .± 0.10C
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Figure 20
Freundlich Plot for Low Pressure Data on Columbia 0 Carbon
at 25.0 ± 0.100 -
o Adsorption Points CH4, C2H, C2H6, C3E8
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Figure 21
Freundlich Plot for Low Pressure Data on Silica Gel
at 25.0 1 0.10+
o Adsorption Points C2H4, i 0410, C408-1
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Figure 23
Freundlich Plot for High Temperature Data on PCC Carbon
o Adsorption A Desorption Points
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Langmuir Plot for Low Pressure Data on PCC Carbon
at 25.0 ± 0.1 0C
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show that a straight line fit is generally satisfactory
for a range of several hundred millimeters of merbury
but attempts to extrapolate such a line for the entire 760mm
range can result in discrepancies of 15-30%.
The high pressure data are plotted in Figure 22.
A good correlation of the propane data from 1-8 atm
pressure (90% of saturation pressure) is obtained. However,
the upper half of this range represents a region where the
isotherm has reached its saturation value so that the cor-
relation is not a very critical test. Ethylene on Columbia
G carbon is well represented by a Freundlich straight line
from 1-7 atm; break down above this pressure corresponds
to the reaching of the adsorbent saturation value and extra-
polation of the straight line obtained beyond 7 atm to the
highest pressure would result in deviations of the order of
20%. Ethylene and ethane on silica gel can be represented
by Freundlich straight lines in the region 1-9 atm; de-
viations from the straight line above this region amount
to about 15% at the highest pressure. Maher (97) attempted
to improve the correlation by ushg fugacity instead of pres-
sure. He found the improvement slight for ethylene but the
use of fugacity for ethane reduced the deviation to about
4% at the highest pressure.
U2z
Tests for applicability of the Freundlich equation
to the high temperature data on PCC carbon are shown in
Figure 23. Asstraight line fit of the propane data is ob-
tained for a good fraction of 1 atm and ethylene points
are fitted for an even larger pressure range. As men-
tioned earlier, the high t.emperature isotherms on silica
gel correspond to the linear Henry's law relation; they
have not been included in Figure 23.
Langmuir's equation is:
a b p (5)
1+ ap
To test for applicability of this relation, the data
1 1
have been plotted as --- vs in Figures 24 and 26-29.
N p
This type of plot spreads out the low pressure data
and tends to crowd the higher pressure points. Hence,
some investigators prefer to plot p/N vs p as in Figure 25.
The latter method has reduced sensitivity since p appears
in the numerator of both coordinates.
Langmuir plots for the low pressure data at 250C on
the three adsorbents are shown in Figures 24-27. In general,
the range of straight line agreement with the data is
about the same as that for the Freundlich equation of
the order of 0.5 atm. Extrapolations to 760 mm would
give deviations of 10-15%, somewhat less. than that encountered
with the Freundlich equation.
Figure 28 is a Langmuir plot for the high pressure
data. The propane data above 1 atm also correlate
well with this equation. However, ethylene on carbon
is only correlated from 1-2.5 atm and extrapolation
of the straight line above this would involve a 6% error.
The ethane and ethylene data on silica gel can be fitted
by a straight line from 1-3 atm and deviate therefrom
by 30% at the highest pressure. Frolich and White (52)
reported that their high pressure data for methane and
hydrogen on carbon did not follow the Freundlich equation
but did conform to the Langmuir. McBain and Britton (21)
worked with nitrogen, ethylene, -and nitrous oxide on
carbon up to 60 atm and they also concluded that their
data could be represented by the Langmuir over their
entire pressure range. The present data do not indicate
such a degree of agreement for the Langmuir equation.
The Langmuir plot Figure 29, for the high temperature
isotherms indicates that the equation fits the data over
the entire 760 mm pressure range.
The two constant form of the BET equation is:
n ms p
N -- ------------------- (9)
(ps-p) [1 (-----
Ps
".4
This relation is usually tested for a straight line fit by
plotting- vs -s-. p/ps is often known as relativeplottni(Pp) Ps
saturation pressure. Since p appears in the numerator of
both coordinates, this 'also tends to be an insensitive
method of plotting. Also, when ps is large relative to p,
the above method amounts to having essentially a constant
ps in the denominator of both coordinates. A plot which
1 1
should be more sensitive, ------- vs --- is used in Figures
N(ps-p) p
30-32 for the low pressure data at 25 C. This method of
test differs from the Langmuir by the term ps-p in the
denominator and again if ps is large relative to p, the term
is essentially constant and the test is the same as the
Langmuir. This also indicates that the equation reduces
to the Langmuir relation for gases above their critical
temperature.
Figures 30-32 indicate that satisfactory straight lines
are obtained over limited pressure ranges but the BET cor-
relation appears to have no particular advanbage over the
Langmuir and Freundlich relations. Methane has been omitted
because at 2500 it is considerably above its critical tem-
perature; an extrapolated saturation pressure value has been
used for ethylene which is slightly above its critical at 25 0.
The BET plot for the high pressure data, Figure 33, shows
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that the isotherms can be fitted over moderate pressure
ranges. However, it appears thatin general, little
advantage has been gained with the BET approach.
Harkins and Jura's (66) equation is:
ln p = L - 2 (10)
N
Figures 3 4 and3S are plots of log p vs 1/N2 to test this
relation for the low pressure data. No correlation at
all is obtained for the ethylene and ethane data but
some agreement is indicated for propane and the C4 data
over a limited pressure range.
Summarizing the attempts to correlate the isotherm
data on the three adsorbents, PCC carbon, Columbia G carbon,
and silica gel, it can be said that none of the four
relations tested apply for the entire pressure range.
The recent Jura-Harkins equation shows the least promise
for correlating these data. The BET relation introduces
the saturation pressure of the gas as a factor but use of
this term fails to show significant general improvement.
For the data from 0-760mm, there is little difference
in the degree of correlation obtained by the Freundlich
or Langmuir equations. Both tend to fit the data over a
range of several hundred millimeters and then deviate in
t16
some cases 10-20% if the extrapolation is carried to 760 mm.
For the high pressure data, the Freundlich tends to cor-
relate for a range of 7-8 atm while the Langmuir has
a limit of 2-3 atm; both deviate as much as 20-30%
if the straight line is carried to 20 atm. The Langmuir
equation has more appeal because of its theoretical basis.
Hence, it would probably be preferred for the data below
1 atm and for moderate extrapolation of perhaps 2-3 atm
above atmospheric pressure. If it is necessary to extra-
polate to even higher pressures, the Freundlich equation
would probably give a better fit.
For the high temperature data, where amount of material
adsorbed is low, the Langmuir equation gives a good cor-
relation. The linear Henry's law relation can be used
at very low adsorptions.
e. Generalized correlations for isotherm data:
Polanyi's (2) development of the potential theory
was mentioned in the Introduction where adsorption potential,
(J, was defined as the compression work effect in trans-
fering gas from the vapor phase to the adsorbate:
V ,pi
1"f Vdp (6)
V,p
(surface energy factors are neglected).
Polanyi's principle effort was devoted to adapting the
above relation for use in describing the temperature
dependence of the adsorption isotherm over a moderate
temperature range. In a later paper, he developed an
empirical correlation relating the maximum adsorption
potential, E0 , (i.e. at saturation) for various gases
on the same adsorbent:
( 0  k (12)
where, a, was the van der Waals constant for the gas
and k was a constant. Polanyi- showed that this relation
held within 10% for seven gases adsorbed on active carbon
including methane and ethylene but not for hydrogen.
About this same time (1920), Lamb and Coolidge (2)
observed that, at a given pressure, the volumes of eleven
different vapors adsorbed on carbon were inversely
proportional to their molal volumes. Wilson (131) noted
that similar relations were indicated by the data, of Lemon
and Blodget (1). Later, Richardson and Woodhouse (i!4)
pointed out that some of these relations fitted their data
within limited range. Kubelka (85), using the Kelvin
equation as a basis, developed the method of plotting
curves of equivalent pressures. For a given adsorbent at
constant temperature, if ln (-P-) is plotted vs in (-P-)Psi Ps 2
(subscripts 1 and 2 refer to components 1 and 2).
At constant volume of liquid adsorbate adsorbed, a straight
line relationship results. This same type of relation is
indicated by Polanyi's equation (12) which would make
the slope of equivalent pressure curve equal
More recently, based on the Polanyi theory, Dubinin
(1I;2J~.3) developed a number of theoretical relations for
the adsorption potential of different2 gases on the same
adsorbent. At constant volume of adsorbate (considered
liquid) such factors as vapor polarizability, molal
volumes and ionization potential were considered for
relating the adsorption potential of different materials.
These relations were tested by comparing with experimental
results for a number of vapors on carbon (including 05
hydrocarbons and higher). Dubinin et al concluded that the
adsorption potential for various vapors at constant volume
of adsorbate could best be related by the ratio of their
molal volumes (at the condition of the adsorbate). Perfect
gas laws were assumed and the molal volume of the adsorbate
was taken as saturated liquid at the temperature in question.
Hence
RT ln- (13)
At any point on an adsorption isotherm, the adsorption
potential can be evaluated; from the corresponding, N,
amount adsorbed, an adsorbate volume can be obtained by
dividing by the saturated liquid density at the tem-
perature in question. Dubinin then said that for equal
liquid volumes adsorbed per unit weight of adsorbent,
the relationIbr two vapors should be:
-- ln ln volume adsorbed
Vp' 1 V4 p;2equals a constant (14)
where subscripts 1 and 2 refer to the two different vapors.
A study of Dubinin's papers indicates that equation (14)
was found to hold within about 15% for the 20 vapors
he investigated.
Etherington (5) employed this relation with success in
correlating some of the adsorption data previously published
at M.I.T. However, in attempting to correlate the high
pressure data of the present work, the writer found that
the equation broke down.
A modification of Dubinin's approach has been developed
which correlates 18 adsorption isotherms on three different
adsorbents at 250C over the pressure range 0.1 to 21 atm.
All the isotherm data presented in the previous sections
are included as well as the previously published data of
Chertow.(j26) and coworkers. The adsorption potential has
been evaluated using fugacity so that
(=RT ln -s (15)f
where fs is the fugacity at saturation conditions cor-
responding to the temperature at which the data were ob-
tained (2500). Instead of using a constant value of molal
volume, V, at 2500 for each gas, a value corresponding
to saturation pressure at the isotherm gas phase pressure,p,
(hence, atvariable temperature) is employed. In order
to test the validity of the relation for various gases at the.
same temperature, a liquid volume of material adsorbed, $b,
has been plotted vs -1- ln E as shown in Figures 36 & 36AV f
(N is the amount adsorbed in milligram mols per gram of
adsorbent). In preparing Figures 36-30, points shown
are a few values taken from the smooth adsorption isotherms
to simplify calculations and avoid plotting the large number
of actual experimental points.
Figure 36 shows the data for six gases on PCC carbon
at pressures ranging from 100mm to 760mm. There are two
branches to the curve at low amounts adsorbed corresponding
to paraffin and unsaturated hydrocarbons. The data on
Columbia G carbon also shown in Figure 36, represent five
gases and range in pressure from 0.1 to 21 atm, again with
an olefin and paraffin branch for the data at low adsorbate volumes.
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The difference between tlhe olefin, paraffin, and acetylene
curves is accentuated on inspection of the silica gel
data for seven gases in Figure 36A. Here, the apread
between saturated and unsaturated constituents is much
greater as might be expected from previous observations
on silica gel. However, the data do appear to be con-
verging to a uniform value at high volumes adsorbed.
Noting the difference in scales on these two plots, it
can be indicated that divergence of the saturated and un-
saturated gas curves seems to occur on both carbon and
silica gel below 0.1.or 0.2 cc of adsorbate per gm. of
adsorbent.
Apparently Dubinin anticipated the effect of adsorbents
such as silica gel for he mentioned that his treatment was
for homopolar adsorbents , e.g. activated charcoals. Pre-
vious sections of the present discussion have indicated
that even carbon seems to show some preferential adsorption
of the unsaturated materials, e.g. propylene more strongly
adsorbed than propane. Hence, it is perhaps reasonable to
expect some divergence of the unsaturated and saturated
gases on carbon as indicated in Figure 36. This effect is
apparently overshadowed at high adsorptions on carbon re-
sulting in a single curve. Silica gel capacity is much lower
than that of carbon but the data do show signs of converging
at high adsorptions.
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The data for six gases on PCC carbon agree with
the smooth curve within about 3-4%. Five gases ranging
from methane at low pressures to ethylene up to 21 atm
adsorbed on Columbia G carbon are also correlated within
3-4% by this technique. Straight lines have been drawn
for the data on silica gel representing seven gases
including data for ethane and ethylene up to 21 atm and
also to high pressure data of Healy (6) for propane
and propylene. Methane is the one exception on silica
gel. The substantial extbapolation required to obtain
fs for methane (above its critical at 250C) might be a
reason to expect divergences but this device correlates
the Columbia G data satisfactorily. With the exception
of methang, the method correlates the silica gel data
within 8-10%. The correlation on any of the three ad-
sorbents cannot be recommended for general use below 100mm
pressure for greater deviations than those indicated
are inclined to result.
T NV
Figures 37 and 37A show plots of - - ln s /f vs
to test equation (14) for the temperature dependence of
the adsorption isotherm. Ethylene and propane on silica
gel conform well with this equation over the range 0-2300C,
Figure 37. Propane on PCC carbon gives a reasonable correlation
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in Figure 37A from 0 to 240 t. However, the high temperature
ethylene data are out of line with those at O0 and 2500.
More ethylene data between 250 and 22000 are needed to in-
vestigate this discrepancy. In general, this temperature
correlation shows promise of ability to represent the
data over a considerable temperature range.
The utility of the correlation represented by equation (14)
involves the possibility of predicting a wide variety of
adsorption isotherms from a minimum of experimental data.
Once the position of the correlating curve has been es-
tablished by a small amount of strategically located
data, it is possible to extrapolate to higher or lower
pressures to predict isotherms at other temperatures and
to predict isotherms for other gases. By choosing the
appropriate experimental systems, a great deal of experimental
work can be saved. For example, low pressure C4 data can
be used to predict high pressure 02 isotherms. On silica
gel and for low adsorptions on carbon, it is necessary
to distinguish between saturated and unsaturated hydrocarbons
but by proper choice of data, this complication can be
minimized. Below 100mm pressure, the method is not useful
but establishment of the isotherm curve above this pressure
followed by employment of the Freundlich or Langmuir equation
for extrapolation below 100mm should be a satisfactory way of
bridging this gap. The greater scope, generality, and
utility of this relation in comparison to the four isotherm
equations discussed in.the previous sections are immediately
obvious. The relation does not give a simple analytical
expression like the Freundlich of Langnuir equations.
The correlation can only be recommended for the
light hydrocarbon gases for it has not been tested on
others. Dubinin et al ( ,3) tested their original relation
on aliphatic hydrocarbons C5 and higher, benzene, alcohols,
ethers, acids and chlorinated hydrocarbons and found agreement
within 15%. (They apparently tested only one adsorption
point per compound rather than the complete isotherm).
Details as to the method of calculation as well as
sources of the saturated liquid density and vapor pressure
data are presented in the Appendix. Extrapolated values
were used for f. for saturated vapors above their critical
temperature. For acetylene, the liquid density at its
triple point was used for the entire range.
Other methods for correlating the variation of the
amount adsorbed with temperature have been tested. The
first of these is suggested by the approximate relation
for calculating heats of adsorption
R
If Q is reasonably independent of temperature, a plot
of log p vs - -, for constant amount adsorbed, should be a
T
straight line. Figures 38 and 39 are two such plots for
ethylene and propane data over the range 0 to 2000C. Agreement
with equation (i) is seen to be quite good. This simple
method of plotting should be useful for predicting adsorption
isotherms at other temperature from data at two or more
temperatures. For the same amount of material adsorbed,
atmospheric pressure data at 20000 correspond to pressures
of a few millimeters of mercury at 250C. Hence, it was
necessary to fit the Langmuir equation to the low pressure,
low temperature data and calculate pressures to make the
plots in Figures 38 and 39.
Several other methods for temperature correlation
have been proposed. Othmer (id6)has suggested correlating
the vapor pressure of an adsorbate (for a constant amount
adsorbed) by plotting it against the liquid vapor pressure
of the same or a different material at corresponding
temperatures. Othmer employed this method with success
for. a number of fairly low boiling organic vapors obtaining
a straight line on a log plot whose slope was the ratio
of the heat of adsorption to the latent heat of the reference
substance. This method has not been tested for the current
data but it may have some merit should the previously described
techniques fail to be applicable in a given instance.
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Working with the data on Columbia G carbon, .Etherington( 5)
found that the isotherms for the various hydrocarbon plotted
against P/ps could be made to form a common curve by multi-
plying the ordinate N by an empirically determined constant k.
p is the liquid saturation pressure at the temperature of -
the isotherm (extrapolated above the critical temperature
if necessary). Figure 40 is such a plot (KJ vs p/ps) for all
the data at 2500 on the three different adsorbents. It can be
seen that the agreement with a single curve is rather good.
The largest deviations occur at low values of p/ps and low
adsorptions; but the maximum deviations are about 10% and
in general the points are within 5%. It was found that the
data on silica gel could be best represented by drawing
separate curves for olefins and paraffins.
The advantage of this type correlation over that of
the modified Dubinin method is first of all its simplicity
and secondly its ability to handle the low pressure data
somewla t more efectively. The Dubinin method often deviates
20-30% at pressures much below 100mm Hg while the k method
appears to do considerably better than this at low pressures.
On the other hand, the k's would ordinarily have to be
determined from actual data for there appears to be no
particular significance to their values (see legend, Figure 40).
Another disadvantage of the method is that the k's appear
to vary with temperature. For example, at 2500, k is 1.21
for propane on PCC carbon; at 22100, k is 1.83.
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It seems probable that a combination of the modified
Dubinin method with the K approach would give the best
correlation performance. kts could be predicted from
plots such as Figures 36 and 36A while temperature effects
could be handled by the treatment of Figure 37 and 37A
or Figures 38 and 39.
f. Heats of adsorption:
As outlined in the Introduction, heats of adsorption
can be calculated by the approximate relation
ln p
-- -- -- - (11)
N
Q 1
--- is the slope of a plot of ln p vs at constant
R T
number of mols adsorbed. Assuming Q independent of T,
integration gives:
R T -9 lTn P 2  (16)
T2- T1  p1
Comparisons of heats of adsorption calculated by the
above relations with experimentally determined values
generally show agreement within a few percent.
Since the present work involves mostly data obtained
at 2500, the only opportunity to calculate heats of adsorption
is for a few of the high temperature results. These
values are presented in Table XXVI where results obtained
at lower temperatures-by other investigators-are also compared.
In general, a substantial decrease in the heats of adsorption -
with increase in temperature is noted. The two high tem-
perature points for ethylene on silica gel are out of
line in this respect but this is presumably a factor of
precision.
TABLE XXVI
Calculated Heats of Adsorption
System
Ethylene on
Silica Gel
Ethylene on
PCC Carbon
Propane on
Silica Gel
,,N, TjoK
0.03 273
0.03 415
0.03
0.10 494
0.04 273
0.04 448
298
499
517
298
503
calories
gm m-
7000 Bareis
5300
(8)
5600
6600
8000 Bareis (8)
6800
Propane on
PCC Carbon 494 514 65000.3
2. BinrzGa Mxtre
A summary of the results for vapor-adsorbate equilibria of
binary gas mixtures is presented below. All data are at 250C.
sidte
FCC Carbon:
Ethylene-Propane
Ethane-Propane
Isobutane-Butene-1
Columbia G Carbon:
Methane-Ethylene
Ethylene-Ethane
Ethylene-Propylene
Ethylene-Propane
Propylene- Propane
Silica Gel:
Methane-Ethylene
Ethylene-Ethane
Ethane-Propane
Isobutane-Butene-1
Total
inssnretn
1.0
1.0
1.0
1.0
1.0
1.0
1.0, 2.25,
1.0
7.40
1.0
2.55, 7.85, 19.2
1 0
1.0
In discussing these results, the following general topic
outline is fdlLowed:
a. Preferential adsorption, i.e., the ability of the
adsorbent to adsorb one component of a mixture in
preference to another,
b. Capacity of the adsorbent.
c. The effect of the variables pressure, temperature,
and composition of the phases on capacity and relative
selectivity. (Relative selectivity has been previously
X1 X2
defined a --
y2 xl
Figuire
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TABLE XXVII
Ethylene & Fropane-Mixtures on PCC Carbon
1 atm & 25.00
Run-#
Ad s'6 b' 4it e''x--
mol fraction
OGpH4 ' 0 3H8'
Pcc'-6 0.067 0.933
Vai y
Mol trction
GQIH 
_ Hg_-
0 ;409 0.591
rel.vol.
9.61
Total Adsorption
milligraimiols
ini r
3.15
-5 0.110
-1
-2
-3
-4
.239
.239
.439
.6o
Remarks:
was C2H 4
In Runs 1 & 2, the gas admitted to the adsorbent first
and CH8 respectively; in the balance of the runs the gases
were fed together. All runs were carried out with the circulating
apparatus.
PRE-6 0.391 0.609
PRE-5 0.622 .378
0.868 0.132
0.923
.077
10.1
7.28
2.48
2.36
Remarks: Above data obtained with reverse pass apparatus.
Gases premixed.
.890
.761
.761
.561
.399
.553
.782
.786
.914
.949
.447
.218
.214
.086
.051
10.0
11.4
11.7
13.5
12.4
3.03
2.79
2.79
2.52
2.37
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TABLE XXVIII
Ethane and Propane Mixtures on PCC Carbon
1 atm and 25.000
mol fraction
C06 C-;H8 '
0'058 0-942
.048 .952
.122 .878
.210 .790
. .223 .777
.352 .648
.448 .552
.603 .397
.624 .376
.771 .229
Vapor y
mol fraction
CH6 'CsHg8
0.338 0.662-
.433 .567
.539 .461
.701 .299
.648 .352
.706
.760
.294
.240
.846 .154
.842 .158
.933 .067
rel.vol.
8.20
15.1
8.42
8.82
6.42
4.42
3.90
3.62
3.21
4.13
Total Adsorption
Miiram mois
3.25
3.18
2.99
2.94
2.88
2.83
2.76
2.75
2.64
Remarks:
1 and 2,
Runs recalculated from data of Pasher (1o8). In runs
the gas admitted to the surface first was C2H6 and C3H8
respectively. 20 passes were used in all runs using the reverse
pass apparatus.
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TABLE XXIX
Isobutane and Butene-1 Mixtures on PCC Cafbon
1 atm & 25.00C
Airiate x
mol fraction
Run# 1 OCHjd 04Hg8-l1
mol Fraction
i 'C4HC4H-g lI
rel. vol.
' ' 'c4. I
Tqtal Adsorption
milligram mols
ii1 o066- .934 0.143 0.857
.175 .825
10 .307
1 .380
16 .390
6 .397
7 .03
15 .433
.693
.620
.610
.603
.597
.567
8 .496 .504
9 .606 .394
14 .703
12 .808
.297
.192
Remarks: Runs 1-14 incl. recalculated from data of Hamm (59)
Runs 15 & 16 data of Cadogan; i C4HiO on surface first;
In runs 1 (20 passes) and 15 (30 passes); C4H8-l on surface
first, run 16 (30 passes); Balance of runs with premixed gases
(20 passes). All data using the reverse pass apparatus.
.276
.406
.511
.556
.511
.508
.523
.602
.672
.781
.871
.724
.594
.489
.489
.492
.398
.328
.219
.129
2.36
1.80
1.54
1.70
1.96
1.59
1.53
1.44
1.54
1.33
1.51
1.60
3.83
3.81
3.73
3.60
3.55
3.75
3.70
3.56
3.64
3.57
3.47
3.48
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TABLE XXX
Vapor-Adsorbate Equilibria of
Methane and Ethylene Mixtures on Columbia G Carbon
760 mm Total Pressure, 25.0 oc
mol Iraction
CH 02
0,038-'0-.962
.077
.111
.113
.152
.204
.245
.332
.411
.590
.795
.923
.889
.887
.848
.796
.755
.668
.589
.410'
.205
mol Fraction
0.359 o641,
.467
.618
.620
-. 718
.782
.814
.881
.915
.958
.987
.533
.382
.380
.282
.218
.186
.119
.o85
.042
.013
rel. vol.
14.1-
10.5
12.9
12.8
14.2
14.0
13.5
14.9
15.5
16.0
19.6
Total Ads.
3.24-
3.08
2.75
2.78
2.53
2.38
2.25
2.01
1.82
1.53
1.36
Remarks: In runs 10 and 11 the gas admitted to the adsorbent
first was C2H4 and CH4 respectively; in the balance of the runs
the gases were fed together. All runs were carried out with the
circulating apparatus.
Recalculated data of Friedman (51)
Runfl#
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TABLE XXXI
Vapor-Adsorbat e Equilibria
Ethylene and Ethane Mixtures on Columbia G Carbon
760 mm Total Pressure and 25.0 00
Addrbai'e x
mol fraction
9G 4 CgH6
0.148
.359
.490
.508
Viaid i
mol fraction
CH o H6
0.852 0.197 0.803
.641 .438 .562
.510
.506
.492
.632 .368
.836 .164.
.585 .415
.607 .393
.608 .392
.734
.890
.266
.110
rel. vol.
1.39
1.47
1.59
1.53
1.60
1.59
Total Adsorption
Nilligram mols
-gm-Garbon
-3.88
3.87
3.85
3.79
3.76
3.70
3.62
Remarks: In runs 2 and 4 the gas admitted to the adsorbent
first was C2H6 and C2H respectively; in the balance of the
runs the gases were premixed. All runs were carried out with
the reverse pass apparatus.
Recalculated data of Telesca (117)
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TABLE XXXII
Vapor-Adsorbate Equilibria of
Ethylene and PIopylene Mixtures on Columbia G Carbon
760 mm Total Pressure, 25.0 OC
mol fraction
0.065 0;935
.250
.262
.388
.594
.733.
.886
.750
.738
.612
.267
V& f .Vapor .y
m ol traction0.34' C;H 6'
0'0*94- 0-.606
.808
.810
.888
.967
.396
.192
.190
.112
.053
.033
rel. vol.
9.34,
11.9
12.6
12.0
12.5
12.3
10.8
Total Adsorption
Miiiigra m.o
gm
4.69
4.51
4.22
4.19
4.02
3.78
3.69
Remarks: In runs 15 and 16 the gas admitted to the adsorbent
first was C214 and C3H6 respectively; in the balance of the
runs the gases were fed together. Above runs were carried out
with the circulating apparatus
Data of Telesca (j)
0.031 o.969
.163
.164
.167
-175
.192
.293
.453
.741
.833
.8:37
.836
.8.32
.825
.808
.707
.547
.259
.167
0.375 0.625
.691
.682
.712
.681
.741
.856
.912
.957
.975
.309
.318
.288
.319
.259
.144
.088
.043
.025
18.5
11.5
10.9
12.3
10.1
12.0
14.3
12.5
7.88
7.81
4.79
4.53
4.47
4.54
4.63
4.45
4.15
3.88
3.74
3.72
Remarks: Telesca's data carried out with reverse pass
apparatus. C2H4 admitted first in Run EP-13; C3116 admitted
first in Runs EP-3 and EP-14, balance of runs used premixed-gas.
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TABLE XXXIII
Vapor-Adsorbate Equilibria of
Ethylene and Propane Mixtures on Columbia G Carbon
76o mm Total Pressure, 25.0 00
mol fracton
C H4 C3H8'
0.072 0.928
.073
.099
.137
.213
.350
.350
.354
.357
.510
.714
.927
.901
.863
.862
.787
.650
.650
.646
.643
.490
.286
VpoI'
mol fraction
'C02H4 Cf8'
.372 .628-
.399
.497
.618
.587
-745
.871
.875
.870
.864
-938
.969
601
.503
.382
.413
.255
.129
.125
.130
.136
.062
.031
rel. vol.
7.641
8.43
9.00
10.2
8,88
10.8
12.5
13.0
12.2
11.4
14.5
12.5
Total Adsorption
Niiligram mols
I .. ... . . .. .4.42-
4.44
4.37
4.29
4.25
4.12
3.96
3.92
3.90
3.94
3.74
3.61
Remarks: In runs 3 and 4 the gas admitted to the
adsorbent first was C2H4 and C3H8 respectively; in
the balance of the runs the gases were fed together.
All runs were carried out with the circulating apparatus.
(Cont'd on next page)
Run,#,
G-7
2-G-34
G- 10
2-G-35
1,5 2
TABLE XXXIII (Cont'd)
Vapor-Adsorbate Equilibria of
Ethylene-Propane Mixtures on Columbia G Carbon
25.0 00
Data of Maher (L7)
ids'dinate's 
mol Fraction
C H 'C H8.
Va y
mol Fraction
, H O H,
Millimols adsorbed
per Gram of Activated
Carbon,,--, ,Total
Rel. Vol.
, i / -,
Total Pressure 7.40 ± 0.05 Atm.
0.920
.879
,.789
690
.628
.415
.209
0.287
.420
.628
.7z62
.817
.922
.967
0.713
.580
.372
.238
.183
.078
.033
5.65
5.62
5.65
5.61
5.64
5.63
5.65
Total Pressure 2.25 i 0.05 Atm.
.928
.852
.713
.637
.417
.172
.327
.92
.932
.970
.673
.422
.208
.152
.068
.030
5.08
4.90
4.78
4.70
4.55
4.51
Run-#,
0.080
.121
.211
l.31
.372
.585
.791
27
28
29
30
31
32
33
34
35
36
39
38
39
.072
.148
.287
.363
.583
.828
4.63
5.25
6.31
7.14
7.55
8.39
7.75
6.25
7.88
9.46
9.79
6.71
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TABLE XXXIV
Vapor-Adsorbate Equilibria of
Propane and Propylene Mixtures on Columbia G Carbon
760 mm Total Pressure, 25.0 00
Adid1iie'x' ,
mol Fraction
-:H 8 H&'
mol fraction
,OgH 8 OC H6 -
0.264; 0.736 0,260 0.740-
To
rel. vol. Mi
. l .- - - . I -
...980(1.02)
tal Adsorption
iiigrm'mjois
4.,79
.499
.498
.511 .489
.507 .493
.258 .749
1.05
1.02
1.04.251
4.70
4.70
4.60
Remarks: In runs 11 and 12 the gas admitted to the
adsorbent first was 03118 and C3H6 respectively; in
the balance of the runs the gases were fed together.
All runs were carried out with the circulating apparatus.
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TABLE XXXV
Methane & Ethylene Mixtures on Silica Gel
760 mm 25.0 oC
dsdrbace' x
mfol NRtOn
'CH4 .C04g
0.043'
.063
.o86
.166
.266
.268
.354
.365
.559
.589
-756
0.957*
.937
.914
.834
.734
.732
.646
.635
.441
.411
.244
mol Fraction
'CH4 ' 
0.580'
.618,
.571
.
69
.56
.864
.875
.907
.969
.967
.977
0.420-
.382
.429
.231
.144
.1361c
.125
.093
.031
.033
.023
rel. vol.
30.4
24.1
14.2
16.7
16.4
17.3
12.8
17.0
25.0
20.6
13.5
Total Adsorption
Milligram mol
.620
.604
.648
.451
.342
.351
.314
.292
.203
.194
.159
Remarks: In runs 7 & 8 the gas admitted to the adsorbent
first was CH4 & C2H4 respectively; in the balance of the
runs the gases were fed together. All runs were carried
out with the circulating apparatus.
Recalculated data of Friedman (i)
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TABLE XXXVI
Vapor-Adsorbate Equilibria of Ethane-Ethylene Mixtures
dn sfid'diiGel
5.000
TQtal Presw4ie 19.2
Adeerbate x Vapor y
mol fraction mol Fraction
00H6"'C04L C2H6 02H4j7'
0.121 0.879
.237 .763
.340 .660
.390 .610
.531 .469
.662 .338
-785 .215
.889 .111
0.175
.312'
.448
.497
.647
.873
.940
o.825-
.688
.552
.503
.353
.229
.127
.060
± 0.1 Atm.
Millimols adsorbed
per Gram of Gel
' 'Total''
3.44
3.42
3.42
3.41
3.39
3.39
3.32
3.31
Rel. Vol.
1.54
1.46
1.58
1.55
1.62
1.96
1.96
Total Pressure 7.85
.806
.648
.444
.228
.291
.491
.706
.874
.709
509
.294
.126
Total Pressure 2.55
.880
774
.616
.453
.250
.111
.236
.379
.575
.31.77
.949
.764
.621
425
.269
.123
.051
t 0.05 Atm.
2.45
2.39
2.33
2.23
t 0.05 Atm.
1.44
1.38
1.30
1.30
1.14
1.07
Data of Maher (51)
Run,#,
10
11
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TABLE XXXVII
Ethane and Propane Mixtures on Silica Gel
1 atm and 25.0 00
Ads6dbite 'x
mol fractlon
C H6 " Hg'
i'po i
mol fraction
CH6 'C:HS
Rel. Vol.
0,.139 0.861 503 0.497w
.201
.230
.332
.494
.671
.799
.770
.668
.506
.329
.635
.619
.700
.828
.896
.365
.381
.300
-172
.104
6.92
5.44
4.69
5.48
4.92
Total Adsorption
M iliga'm mois
~gm
1.1)4
1.06
1.06
0.966
0.810
0.724
Remarks: Runs recalculated from datiof Pasher (i68)
In runs 1 and 2 the gas admitted to the surface first
was C3H8 and C2H6 respectively. 20 pases were used in
all runs. 95% C2H6 was used in run 6.
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TABIE XXXVIII
Isobutane and Butene-1 Mixtures on Silica Gel
1 atm and 25.0 o
mol fraction
iC4Hfl 0"c4Hgal
Vo actr I n
mol fraction
$04HidO 0 4H8-l 1
0.074 0.926 0.209 0.791
rel. vol.
3.31
Total Adsorption
Milligram mols
3.18
.416 .584
.596
.597
.584
.588
.576
.713
404
.412
.424
.287
.811 .189
.897 .103
.958 .o42
Remarks: Runs 1-9 incl., recalculated from data of Hamm (59)
Runs 10 and 11 are data of Cadogan; Runs 1-8 incl., were with
premixed gases using 20 passes, Run 9, premixed gases and
50 passes, in runs 10 & 11 the gas admitted to the surface
first was iC4H 10 and C4H8-1 respectively, 30 passes were used.
All runs with the reverse pass apparatus.
.292
.311
.318
.323
.323
.453
.567
706
.843
.819
.708
.689
.682
.677
.677
.547
.433
.294
.157
3.22
3.57
3.28
3.01
2.99
2.85
3.00
3.27
3.63
4.25
3.04
3.05
3.00
3.04
3.05
2.98
2.91
2.83
2.74
2.56
d. Thermodynamic Considerations.
e. Correlations for binary data.
Comparison of the 16 binary gas mixture x-y equilibrium
curves with the appropriate isotherms of the pure gases
shows that, with one possible exception, the component
showing the greater adsorption as a pure gas for a given
pressure is the constituent preferentially adsorbed from
the gas mixture. The isotherms of all the pure gases
involved in the above mixtures taken at the corresponding
temperatures and pressures are presented and discussed
in the previous section on the adsorption isotherm.
The mixture which might be considered an exception to
this generalization is ethylene and propane on Columbia G
carbon at a total pressure of 7.40 atm. Inspection of
the isotherms of pure ethylene and propane, Figure 14,
reveals that they intersect at 4.2 atm. and above this
pressure pure ethylene is more strongly adsorbed than pure
propane for a given pressure. Hence, it might be expected
that in mixtures where-the partial pressure of ethylene
is high, the ethylene might be adsorbed more strongly
than propane. But in such a mixture, a large fraction
of the adsorbent surface is apparently covered with the
higher molecular weight and more easily adsorbed propane,
leaving little area for ethylene adsorption.
In general, the conclusions regarding the degree of
adsorption of the various gases that were deduced from the
adsorption isotherms of the pure gases are entirely ap-
plicable to the gas mixtures. When the adsorbent is carbon,
molecular weight of the gas is apparently the predominating
influence. Propane is preferentially adsorbed over ethylene
on both carbon adsorbents at three different pressures
(Figures 41 and 47), propane is preferred over ethane on
PC0 carbon (Figure 42), ethylene is more strongly adsorbed
than methane on Columbia G carbon (Figure 44), ethane is
preferred to ethylene on Columbia G (Figure 45), and
propylene preferred to ethylene on Columbia G carbon
(Figure 46).
If the molecular weights of the two gases are close,
unsaturation in one of the molecules can be the deciding
factor in which gas is more strongly adsorbed on carbon.
Thus, butene-1 is adsorbed in preference to isobutane on
PCC carbon (Figure 43), and propylene is preferred to propane
on Columbia G carbon (Figure 48).
When the adsorbent is silica gel, then unsaturation in
the molecule becomes substantially more important. In the
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case of approximately equal molecular weights, unsaturation
is the deciding factor. Thus ethylene is more strongly
adsorbed than ethane (Figure 50), and silica gel shows
greater preference for butene-1 with respect to isobutane
than does carbon (Figure 52). In the absence of structural
differences, molecular weight is the deciding factor on
silica gel, c.f. ethane and propane (Figure 51).
Comparisons 'of the x-y equilibria for six different
gas mixtures on silica gel and activated carbon are shown
in Figures 53-58 inclusive. Data for paraffins, ethane
and propane, on silica gel and PCC carbon are presented
in Figure 53. Since there are no structural differences
in these two gases, molecular weight would be expected to
be the predominant factor in establishing selectivity on
both adsorbents. Although the two curves of Figure 53
are not identical, selectivities on both adsorbents are
of the sane order and indicate agreement with the above
general conclusion.
A mixture of the two olefins ethylene and propylene
on carbon and silica gel are compared in Figure 54. Columbia
G carbon preferentially adsorbs propylene even more so
than the silica gel, but molecular weight difference in
apparently the principal factor in determining selectivity
on both adsorbents.
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Figures 55 and 56 show structure as the important
influence in cases of mixtures of gases of approximately
equal molecular weight on silica gel. In the isobutane
and butene-1 mixture, butene-1 is the more strongly
adsorbed on carbon giving an at= 1.5; on silica gel the
butene-1 is even more strongly preferred giving an AL= 3.0.
For the ethylene and ethane mixture, Figure 56, ethylene is
the more volatile component on carbon (o&T 1.5) while
on silica gel ethylene is more strongly adsorbed and
the selectivity is reversed (otL 3.).
A mixture where unsaturation is present in the lower
molecular weight gas is that of ethylene and propane,
Figure 57. The molecular weight difference in the two
gases shows up in the equilibrium curve on carbon while the
effect of unsaturation in the molecule and molecular
weight difference acting in opposite directions result in
the reduced selectivity found on silica gel.
Methane and ethylene, Figure 58, is a mixture where
unsaturation is present in the higher molecular weight
gas. The substantial difference in molecular weight on
a percentage basis evidently explains a large selectivity
on activated carbon but the preferential adsorption on
silica gel is even greater.
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Figure 53 presents a comparison of the adsorption
of mixtures of ethylene and propane on two carbon adsorbents.
Columbia G is a coconut shell base adsorbent while the
PCC material originated from coal. A common equilibrium
curve can be drawn in Figure 57 for the data on both ad-
sorbents. A similar observation can be made for the data
on propane and propylene mixtures adsorbed on Columbia G
carbon, Figure 48, when they are compared with the results
of Hdman (64) for the same mixture on a Godfrey L. Cabot
rubber reinforcing carbon black. Again the x-y curve
for Hoffaants data, showing slight preferential adsorption
of propylene, can be practically superimposed on that
for the current work. These observations lend support
to the contention that the difrence in carbon and silica gel
as adsorbents for gas mixtures may be attributed to the
difference in nature of the surfaces rather than to dif-
ferences in amount of surface area or their pore sizes.
Since it is reasonable to expect that the pore size and
effective surface areas of the three carbon adsorbents
mentioned are different, obtaining identical selectivity
on these carbons may indicate that pore size and effective
surface area are not the principal factors in determining
selectivity.
16. di'pi t i ey'd 'ds'orbent
Data for the 16 binary systems show that the amount of
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mixture adsorbed is between the values for adsorption of
the individual pure components at the corresponding total
pressure and temperature., In all cases, the presence
of the other constituent interferes with the adsorption
of a gas from the mixture and reduces its adsorption
relative to the amount which would have been adsorbed
from the pure gas at corresponding partial pressures
and temperature.
The curve of total mols of mixture vs x, mol fraction
of more volatile component in the adsorbate, shows a charac-
teristic bow which is usually quite a distance from being
a straight line. The ethylene and propane mixture at
a total pressure of 7 .40 atm on Columbia G carbon, Figure 47,
is an exception to this generalization but this system
might be expected to be somewhat irregular because of
the crossing of the pure gas isotherms. Ethylene and
ethane on Columbia G carbon, Figure 45, is also an exception
but for no apparent reason.
The depression of the adsorption of each component
in the mixture relative to its pure gas adsorption isotherm
conforms to thermodynamic considerations. The thermodynamics
discussed /in more detail later,, indicates that if the
adsorption of one gas in a binary mixture is depressed that
of the other component should be also; if the adsorption of
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one gas is increased, that of the other should increase
also. But it is not possible for the adsorption of one
gas in a mixture to increase relative to its pure gas
isotherm while the other decreases.
In comparing the overall capacity of the three dif-
ferent adsorbents, it has already been pointed out that
Columbia G carbon has 40-60% greater capacity than FCC
carbon for these hydrocarbon gases. The amounts adsorbed
on silica gel are much smaller. Columbia G carbon adsorbs
about 9 times as much methane as silica gel, 3.6 times
as much ethylene, and about twice as much propylene as
silica gel (at atmospheric pressure and 2500).
c. Effectof,pressure, temperature and composition
6t'6he phases. on capacity and selectivity
Inspection of the plots of oL vs x, Figures 41-52,
reveals a substantial scattering of the data points as
compared to the y-x and total adsorption vs x curves.
This can be attributed to the derivative like nature of
,L and is discussed further in the precision section.
It is difficult to discern any definite trend in the oC curves.
The o4. of isobutane and butene-1 on FCC carbon (Figure 43),
ethylene-ethane (Figure 45) and propylene-propane (Figure 48)
on Columbia G carbon, methane-ethylene (Figure 49) and ethane-
propane (Figure 51) on silica gel can be considered essentially
constant. The curve for ethane-propane on FCC carbon
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(Figure 42) i' definitely high at low x and drops off
at high x similar to many systems of vapor liquid
equilibria. The methane-ethylene system on Columbia G
carbon (Figure 44) appears to have an eL somewhat higher
at large x values than at low x. Ethylene-propane on
PCC carbon (Figure 41), and ethylene-propylene (Figure 46)
and ethylene-propane (Figure 47) on Columbia G carbon
seem to show a slight maximum in the o. vs x curve.
While ethylene-ethand (Figure 50) and isobutane-butene-1
(Figure 52) on silica gel seem to show a slight minimum
in the oL' curve. It is noted, however, that none of
the systems show a wide range in selectivity. The
largest deviations from a mean value of o/ occur at high
and low values of x where the accuracy is low.
These observations agree, in general, with the con-
clusions deduced from a study of the literature. Where
one component of a mixture was preferentially adsorbed
throughout the range of gas mixture compositions, cf as a
functbn of x was usuaWy a rather uniform value. However,
if the adsorbabilities of both components were similar,
reversal in selectivity was encountered by two investigators.
Lorenz and Weidbrauck (92) observed a reversal in o(for
mixtures of carbon dioxide and ethylene adsorbed on carbon;
ethylene was more strongly adsorbed except at low con-
centrations of carbon dioxide in the mixture. Damkohler (31)
also observed a reversal in selectivity for nitrogen and
argon mixtures adsorbed on silica gel. Hence, it is con-
cluded that a uniform value of o as a function of x
is not to be accepted as a generalization applying to all
binary gas mixtures.
T1e influence of total pressure on relative selectivity
is shown.by the data of Figure 47 for ethylene and propane
mixtures on Columbia G carbon at pressures of 1, 2.25, and
7.40 atm. Similar data for the system ethane and ethylene
on silica gel at pressures of 1, 2.55, 7.85, and 19.2 atm
are given in Figure 50. (7.4 atm was the maximum pressure
investigated for the ethylene-propane system since the
saturation pressure for propane at this temperature (250C)
is only 9.25 atm.) Increase in pressure is accompanied
by substantial decrease in relative selectivity, c",
but even at the highest pressure ol-is still large in the
ethylene propane mixture. Capacity of the carbon increases
about 40% as the pressure is raised from 1 to 7.4 atm. On
silica gel, the decrease in oe obtained by raising total
pressure from 1 to 19 atm is greater than one half; the
increase in capacity is about 3.5 times.
The effect of total pressure on relative selectivity
can be more easily seen from Figures 59 and 60 showing o4
vs total pressure at 'constant values of x for the two
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systems in question. It is observed that the region of
rapid decrease in c4 is in the range of 1-5 atm; above this
pressure, the curves are rather flat. It is interesting
to note, however, that Figure 61 shows that c-/ is more
nearly inversely proportional to the total amount of mixture
adsorbed.
A possible explanation of the decrease in c with
increasing pressure may be based on the concept that two
types of physical adeorption are involved: (1) pure
surface adsorption and (2) capillary condensation. At
low pressures, the adsorption forces are predominantly
those of the surface which are highly specific and hence
show high relative selectivity. As the pressure is in-
creased, the relative pressure, p/ps, reaches a value
where the Kelvin equation for vapor pressure lowering in a
capillary can have significance. Hence, it is reasonable
to suppose that at the higher pressures the surface forces
are more nearly saturated and capillary condensation plays
a greater part. Since the volatility relationships for
capillary condensation would be expected to be similar
to those of vapor liquid equilibria, the combined effect
of surface adsorption and capillary condensation would
be a closer approach to vapor liquid volatility as the
pressure is increased.
181
T .
fj v N _ Variable T64al Pressure
* - 1 - - -
m76y 4: Pro ane 4 olum i G Carbon
- -R-ad- - -4
777--
L - .
76
0 4
4 - -: - -.
50.
4-w
-
-I
t - -1
0i
uT -
ii - thanxe-Ethylene on Silica G~.-
250CPoints RafrmFigur 5
t- -- ; ..
-- I
2.02 3.0 4. M Mol
NT TotalMxtuo Adsorbe t
WPC 4/28/48
These results agree with those of Healy (61) for
mixtures of propane and propylene on silica gel up to
a pressure of 8 atm. Hatch (5) investigated the effect
of lowering the pressure to 1/3 atm for propane-propylene
and ethane-ethylene mixtures on silica gel. He found
a slight increase in selectivity as the pressure was
lowered from 1 to 1/3 atm, but the increase was very
small compared to the decrease that would be encountered
in raising the pressure from 1 to 3 atm.
Further substantiation of the effect of total pres-
sure on selectivity can be found in the results of Richardson
and Woodhouse (i14)vho worked with mixtures of carbon dioxide
and nitrous oxide on carbon at 000. In the range 0.3 to 4 atm,
they observed an increase in selectivity at low pressures.
Magnus and Krauss (8d) found a slight increase in selectivity
at low pressures in-their work with acetylene and dimethyl
ether on carbon at pressures ranging from 30 to 700 mm.
More recently, Lindeboom (96) observed a slight increase
in selectivity for the system hydrogen-neon on carbon
as the pressure was reduced from 760 to 10 mm. These results
are recalculated and presented in greater detail in the
Appendix.
Frolich and White's data (5) on the adsorption of'
methane and hydrogen on activated carbon up to a pressure
of 150 atm are an exception to the above general conclusions.
Their isotherms of the pure gases indicate that methane
was adsorbed about 2.5 times as strongly as hydrogen.
Working with mixtures at 250C, Frolich and White observed
that increasing pressure favored the preferential adsorption
of methane and hydrogen was practically excluded at the
high pressures. None of the current data have been taken
with gases as far above their scriaE. temperatures as
methane and hydrogen are at 2500 nor have such high pressures
been employed. Apparently other effects are involved under
these conditions.
The effect of temperature on selectivity and capacity
has not been a subject of investigation in this current work.
The data pertaining to the high temperature isotherms of the
pure gases do indicate that raising the.temperature decreases
capacity markedly and the same would, of course, be true
for gas mixtures. Work at M.I.T. by Bareis (8), showed only
a slight decrease in , as the temperature was raised from 0
to 400C for the systems ethylene-propane and ethylene-propylene
on silica gel at 1 atm. Other investigators working over
a 15000 temperature range have shown a substantial decrease
in ok with increasing temperature. Lorenz and Wiedbrauck (92)
worked with carbon dioxide and hydrogen on carbon at 1 atm
and observed a slight decrease in selectivity as the temperature
was raised from -20 to 1800. Magnus and Roth (94)
investigated the same system on carbon at 1 atm and found
a marked decrease in oC between 0 and 15000. A definite
decrease in c/ from 0 to 10000 was noted by Markham and
Benton (ii) for the system carbon monoxide and oxygen
on precipated silica. The above investigators apparently
encountered no evidence of chemical reaction. The work
of Magnus and Krauss (8O) for acetylene and dimethyl
ether on carbon at 0, 20 and 400C are inconclusive as
regards the effect of temperature on selectivity; the
same is true for Damkohler's data (31) for nitrogen and
argon on silica gel. Lindeboom's recent data (9) for
hydrogen and neon on carbon at 1 atm do show considerable
decrease in oe- with a temperature increase of 1130C.
Many of these data have been recalculated and are presented
in the Appendix literature survey.
Although the data for the hydrocarbon gases on silica
gel indicate a negligible change in selectivity between
0 to 400C, literature data on carbon suggest that additional
investigation of this factor for the hydrocarbons over
wider temperatures may be desirable.
The above data agree, in general, with the data pre-
viously presented by Chertow (26) and his coworkers (see Table
II in the Introduction) which have been used freely for
185
comparison with the present work. Material not already
mentioned includes that of Milliken (164)who worked with
acetylene and ethylene on PCC carbon and silica gel and
showed that triple bonded acetylene was preferentially
adsorbed over ethylene by silica gel while the reverse
was true on carbon. The reasons for omitting reference
to the data of Huxtable (70), Ku (84), and Meisner (103)
are taken up in a later section.
d. Thermodiamic IConsiderations
Basic thermodynamic relations have been of material
value in testing experimental data and developing cor-
relations for vapor liquid equilibria and suggests similar
treatment for the case in question. One such relation is:
NdF1 + N2d 2 + N d + - (17)
where F is partial molal free energy (Gibbs, ).
Now consider a three component system consisting of
gaseous constituents 1 and 2 and adsorbent 3.
Nl (--- + N2(----+ N3(-- 0 (18)N + N NiN
7T 13 T )T
This relation is of little use, however, because little is
known about 73 for the solid adsorbent.
ISG
On the basis of a mathematical property, Krichevskii (8f)
has pointed out that
-k )- ( 19 )
T T
bF S F
This relation comes about since Fi. ---- and '2= ---- and
SNi 1& N2
hence equation (19) amounts to equating mixed partial dif-
ferentials. Making the usual substitution of F- RT ln f+ c
and assuming the perfect gas laws
ln p ln P2 (20)
Nl
7 T, N1,N3  71 T, N2 ,N3
Equation (19) is another form of the Duhem equation
for binary mixture vapor liquid equilibria (see Appendix).
It was from this relation that Krichevskii made his deductions
previously mentioned that if one gas depressed the adsorption
of a second, then the second depressed that of the first. The
same is true regarding increased adsorption of components
ii a mixture. However, the relation indicates that increased
adsorptinn of one and depression of the other component is
not possible.- The current data agree with this general
observation about the mutual interference of each component
adsorbed.
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Equation (20) can also be used for testing binary
mixture data by comparing the slopeusof plots of ln p1
vs N2 (at constant N1 ) and ln P2 vs N1 (at constant N2).
Just as in applying the Duhem equation to constant tem-
perature vapor-liquid data for binary mixtures, it is
necessary to adopt the concept of holding total pressure,
constant by the use of an inert unadsorbed gas or by a
semi-permeable piston acting on the adsorbed phase.
When applied to the ethane-ethylene data (Figure 50) and
the ethylene-propane data (Figure (46), this treatment
indicates good agreement of the data with equation (20).
The same test indicates agreement of Healy's (61) data
for propane-propylene mixtures on silica gel. Other ap-
plications of this relation in testing the data and ad-
ditional details are presented in the Appendix.
Additional thermodynamic treatment of adsorption of
binary gas mixtures has recently been undertaken by
Broughton (22). One of his final forms is:
N1' N2
1n 1 d NlT ln 2 d N2  (21)
0 0
where
L (pl)PV (P2)p1 ~ ~ (2
Ni N2
i.e. the ratio of partial pressure of a component in a
mixture to the pressure of the pure gas necessary to obtain
the same amount of adsorption. N 1' and N2' are the pure
gas adsorption isotherm values at mixture total pressure.
This relation also indicates that the deviations
of both gases in the mixture relative to their pure gas
isotherms must be in the same direction. Graphical in-
tegration of vs N plots should permit testing equilibrium
data. However, becauseof precision factors the method
has not been useful for the present data.
Comparison of this relation with that of equation (20)
indicates definite similarity. From the definition of -
and , it is observed that (Pl)pi p 2 ~Ii is a function
of N2 but ( P2 is not and similar reasoning holds for
component 2. Hence, equation (20) may be written:
(ln ln
(23)
SN2 Ni
7( T,NlN 2  7i T,N2,N3
Complete reconciliation- of this equation with the integral
form of equation (21) above is not immediately apparent to
the writer.
e. ddrsridin'fd'sr'binif''datai
The parallelisms between vapor-adsorbate equilibria
and vapor-liquid equilibria suggest that methods of cor-
relation that have been successful for the latter should
be investigated for the vapor-adsorbate data. The presence
of the adsorbent as well as the two other components does
complicate the situation for it is necessary to know the
amount of material adsorbed as well as the composition
of the vapor and adsorbate phases.
(1) Raoult's Law Analogy:
For an ideal solution whose components
mix without association or other interaction, Raoult's
law indicates that the partial pressure of a component
in the gas phase equals the mol fraction in the liquid
times the pure components vapor pressure at the temperature
in question.
Ill 1 XP1 (24)
where ?r is total pressure and is the vapor pressure
of pure component 1.
If for mixed adsorption, the adsorption of each gas
did not interfere with that of the other, then the amount
of each component adsorbed would be that corresponding to
the adsorptin isotherm of the pure gas at the gas phase
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partial pressure. If theadsorption isotherms of each
pure gas are known, Ni= fi(pi) and N2 = f2 (P2 ), and the
partial pressures can be obtained from Dalton's law,
p y r and p2. y27f , then the amount of each gas
adsorbed N1 and N2 can be read from the isotherms.
Composition of the adsorbate would be simply xi N 1
N+ N2
Such a treatment would give both an x-y relation and the
amount of material adsorbed.
This method is not at all representative of the
facts as an inspection of Figure 62 for ethane and ethylene
on silica gel will reveal. Raoult's law would indicate
a reversal in volatility which is not encountered at all
in the actual data, Figure 50. The values for total
adsorption do not agree with the actual data either for,
as mentioned previously, each gas depresses the adsorption
of the other.
(2) Henry's Law Analogy;
A modification of Raoult's law that often
applies to the solute in dilute solutions is known as
Henry's law:
1 k x1 (25)
where k is a constant. If the isotherms of the individual
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gases in a mixture could be represented by Henry's law straight
lines, then: N= k p1  and N2 = k2 P2  where
k1 and k2 are constants. To evaluate these constants use
the pure gas isotherm values at pl:T- , N,- N1' and P2zII
N1  N2'
N2 Z N2 I and hence ki= ---- and k2
Thus: N 1 - -1 p and N 2  2  (26)
This treatment would indicate that the y-x relation should
be:
N2'I x 1Yl -- ---- -- --- 27)
x1 (N2 '-Nl' )+ N1 I
y X N2
and 12= --- - - = a constant (28)
-2 xl Ni
Again these equations do not represent the actual data
within a reasonable range.
The reason for the failure of the Raoult's and Henry's
law analogies becomes apparent on inspecting Figures 63 and 64
which show the shape of isotherms for components in a mixture
as compared to the pure gas isotherms. It will be observed
that each gas reduces the adsorption of the other in the
mixture. The more strongly adsorbed gas is the least effected
(cf propane in the ethylene-propane system, Figure 63) while
the isotherm of the less strongly adsorbed constituent is
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radically altered. None of the mixture isotherms can be
represented by straight lines so that Henry's law doesn't
fit the facts either.
One interesting and useful relation does develop from
the Henry's law approach. Solving for the partial pressure
of each constituent:
p1  and (29)
and
NJ N2
p + 92 N (30)
N1  2
and
N N
- - - 1.0 (31)
1 2
This relation has been tested for the -16 binary
equilibrium systems of the current work. Figures 65, 66, 67 and
68 show plots of -- V - for the data where the 45 degree
Nit N2
line is the above equation (31). Table XXXIX presents
N1  N2the average deviations of the sum of - and -r from 1.0
for the 16 sets of data. With the exception of the methane-
ethylene data on silica gel, all the deviations are within
61. The majority ofthe systems (about 2/3) show a negative
deviation. Large deviations seem to be associated with systems
1 a- __ _ ____ '-1. 4-
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TABLE XXXIX
N1  N2Deviations of the Sum of and from 1.0
Ni' N2'
Total Average
S estdm Pres ddre,atm eatid6n
FCC Ca.rbon:
Ethylene and Propane 1.0 5.1
Ethane and Propane 1.0 ± 1.9
Isobutane & butene-1 1.0 ±. 1.6
Columbia G Carbon:
Methane & Ethylene 1.0 t 3.6
Ethylene & Ethane 1.0 . 1.3
Ethylene & Propylene 1.0 -6.4
Ethylene & Propane 1.0 - 6.2
"oa 2.25 t 3.0
7.40 . 3.0
Pr9pylene & Propane 1.0 - 1.6
Silica Gel:
Methane & Ethylene 1.0 2 11.
Ethglene'& Ethane 2.55 + 4.8
7.85 - 2.1
19.2 - 0.9
Ethane & Propane 1.0 - 6.2
Isobutane & Butene-1 1.0 :t 1.2
where the difference in adsorbatility of the two pure gases
is substantial. Methane and ethylene on silica gel is an
example for the latter is adsorbed about 9 times as strongly,
as methane; ethylene and propane mixtures on both carbons
also represent this situation.
The data of Chertow and coworkers (26) have been suc-
cessfully correlated by this approach also. It is interesting
to notice that Innes and Rowley (71) working with mixtures
of carbon tetrachloride and methanol vapors, derived this
relation. They suggested that if the surface areas occupied
by the molecules of the two components were independent
of the presence of the other species, the surface area
occupied by a mixture woald be an additive function and
1xi X2
-
= N- N2 
(32)
where NT is the total mols of mixture adsorbed. This equation
is identical with equation (31) since NT= Nl+ N2. By transforming
equation (31)
1 1 N2'- Ni'
1--0 1 + x (33)
NT N2  NJ' N2 1
Thus, is a straight line function of xi and NT is a
hyperbolic function of xi.
It should be pointed out that although equation (31) was
obtained by asnuming Henry's law, the equation by itself indicates
nothing about y as a function of x nor p1 in the mixture as
a function of N, . Thus, failure of the Henry's law relation
doesn't mean that equation (31) will not apply.
(3) The Extended Langnuir Equations:
As mentioned in the Introduction, if the
Langmuir theory.is extended to gas mixtures, simple
equations can be obtained.
For pure gas 1,
a, b, p1
N, ---- (34)
1 + alp,
and for pure gas 2,
N2  a2 b2 P21 + a2p2
For mixtures
a1 b1 p(Ni = -------- (36)14 alp,- a2p2
S a2 b2 P 2
1 + alp,+ a2P2
See the Appendix for derivations of these equations.
Tests of the above relations with equation (21),
indicate that the extended Langmuir equations fail to conform
to the thermodynamics.
(4) The Modified Freundlich Equations:
The previously suggested methods for predicting
vapor adsorbate equilibria would have enabled the.estimation
of x-y curves and total amounts adsorbed from the individual
isothermsof the pure gases. Attainment of this objective would
be a substantial contribution for the isotherm of the pure
gases are easier to obtain than mixture data. Indeed,
employing the type of correlation found so successful for
the individual isotherms, would indicate substantial ver-
satility for such a method of predicting mixture equilibria.
Another approach to this problem was suggested by
Chertow (26) who proposed that the isotherm of the more
strongly adsorbed gas in the mixture might be represented
by the Freundlich form:
P2 = a N2b (38)
This equation is combined with
NJ N2
--- * --- 1.0
Ni'I N2rI
(31)
which is found to hold within 6% for most systems. Then,
using the Broughton integral form of the thermodynamic relation:
N11 Ni1 2
(ln pldN1 ) -J (ln pldNl) 2-14(ln p2 dN2 ) ~
0 P2:. 0
1N2 (39)f (ln P2 dN2 ) (39)
0 1ltP2= l
-
and knowing the isotherms of the two pure gases, suf-
ficient equations are available to obtain both constants
a and b of equation (38).
Chertow (26) tested this method for several systems
on silica gel and found poor agreement in most cases;
one or two mixtures were successfully predicted. The
method has been tested for three mixtures of the current
wvrk on activated carbon. Agreement with the actual data
is evaluated on the basis of the criterion proposed by
Mason (idd) in his study of methods for correlating vapor-
liquid equilibria. The percent deviation was calculated
from:
~Expt'l ~ ~Calc'd'
Deviation - ------------------ x 100
(y-x)ExptIl
Mason's standards of correlation' are as follows:
v e ia'ge'D be'i a i o611
Good o to 6%
Fair 6 to 11%
Poor greater than 11%
Table XL shows the average and maximum deviations in
the systems tested for the present data. They all show
poor correlation.
(5) The MOdified Langmuir Approach
Instead of assuming that the isotherm
of the more strongly adsorbed component in the mixture
follows a Freundlich relation, a Langmuir equation can
be used:
a b P2
N2 = ~~~~~--- (4l)
1+bp2
The rest of the treatment is analogous to that of the
previous section. This method has also been tested and
is compared with the Freundlich method in Table XL.
It is found that the Langmuir treatment successfully
predicts one system but deviations in the others are
excessive and indicate that the treatment cannot be
recommended.
It is interesting to consider where the difficulties
are encountered in this approach. In the first place,
considerations of the pure gas isotherms show that they
cannot be represented by two constant equations of the
Freundlich or Langmuir types over the entire 760 mm pressure
range; deviations of 20% can result. In the second place,
comparisons of the adsorption isotherms of the pure gases
with those in mixtures (such as Figures 63, 64) do indicate
that the adsorption of the more strongly adsorbed gas is
not a strong function of the adsorption of the other gas;
TABLE XL
Prediction of Vapor-Adsorbate Equilibria
1 atm 250C
Adsorbent-,
Nddftie, fre~idndidc
Deviation
Aeravge Mximi ium
Deviation
AVerage Maximum
Methane- Columbia~
Ethylene G Carbon
Ethylene- Columbia
Propane G Carbon
Isobutane- PCC
Butene-1 Carbon
System,,
13,
33.
27.
32.
52.
45.
6.0
27.
2(3.
7.7
33.
37.
but this function is apparently not negligible in most
cases. Hence, when saying for the mixture, N2 f (P2),
the important fact that N2 1f2 (P 'p2) is disregarded.
Another source of difficulty is in eyaluating the
integrals fh n pldNl) and (n P2dN2)
0 P2= * 9=
for the pure gas isotherms. Since no analytical expression
is available for p as a function of N, graphical integration
is necessary. At low values of p, the accuracy of the data
for N is low (note that ln p -oO when p = 0) making the
integral difficult to evaluate in the low pressure region.
However, by a careful fit of the Langmuir equation to
the low pressure data and analytical integration, plus
graphical integration of the high pressure data, suitable
values were obtained. As a matter of fact, it was found
that they checked the complete graphical integral rather well.
(Note that a similar treatment using the Freundlich instead
of the Langmuir for low pressures gave poor results). In-
spection of equation (39) reveals that it is necessary to
take the difference of these two integrals for use in
predicting the x-y curves. This can be the source of the
loss of a great deal of accuracy; in one case the two integrals
gave values of 16.69 and 16.52 so that little faith could be
placed in their difference 0.17. It is this type of situation
that also limits the utility of the Broughton relation
in testing the validity of actual experimental data.
The assumption of the relation -+ - = 1.0
NJl N2 :
also is probably the source of some of the error in the
modified Freundlich and Langmuir approaches but those
previously mentioned seem more important.
(6) Application of the Potential Theory to Mixtures
Zhukovitskii (132) attempted to develop a
method for applying the Polanyi potential theory to
mixtures. He did not test his theory on experimental
data and his conclusions are rather vague.
Etherington (.5) considered applying the Dubinin (L2)
modification of the Polanyi theory to binary mixtures.
His principal assumptions included:
N1  N21. The relation N~'T+ N2= 1.0 held.
2. Use of a mol fraction average value of the
individual component's molal volumes
(saturated liquid at the temperature in question)
for that of the mixture.
3. For the saturation pressure of the mixture, use
the ideal Raoult's law dew point.
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Particular difficulty was encountered if a system
involving an olefin and a paraffin on silica gel
was tested. It will be remembered that olefins and
paraffins show different pure isotherm correlations.
especially on silica gel. For such a case, it was
necessary to use a vapor composition mol fraction
average bf theoRaoult's law saturation pressures.
Etherington ) calculated four binary systems using
this technique and the writer has tested it for seven
additional mixtures. Deviations of the eleven systems
from the latest experimental data have been evaluated
by equation (40). Table XLI shows that two systems
were predicted within about 6% while the rest showed
excessive deviations and even a reversal in volatility
in one instance.
(7) Correlations Involving Vapor-Liquid Relative
Volatility and the Adsorption Ratio N2'
Nit
Using aomore empirical approach, relation
of adsorption relative selectivity, c4 , to vapor-liquid
relative volatility has been attempted. Table XLII
compares distillation 0, with adsorption oc on activated
carbon for the systems in question. Vapor-liquid relative
volatilities for the case of a total pressure of 1 atm~
TABLE XLI
Prediction of Vapor-Adsorbate Equilibria
1 atm 25 0C
System Ad
1.Ethylene-Propane
2.Ethane-Propane
3 .Isobutane-Butene-1
4.Ethylene-Propylene
5 .Ethylene- Propane
6.Propane-Propylene
7.Ethylene-Propylene
8.Ethylene-Propane
9.Ethane- Propane
10.Propane-Propylene
11.Isobutane-Butene-1
sorbent
PCC Carbon
" I
"g
Columbia G Cerbon
"
Silica Gel(Bareis
data) 11.
"i "
Deviation %
Average Maximum
29.*
5.6 15.
73.*
43.*
27.*
1700.* **
17.
149*
6.6
(Chertow 18.
Hatch data)
10.
47.
37*
*Deviation for one calculated point at x = 0.5
** A reversal in volatility predicted.
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(temperatures below 2500), oDist, and for a temperature
of 2500 (total pressure above 1 atm), cDist, are
presented. In general, it is observed that high vapor
liquid cI conforms to high adsorption C which in turn
N2'
agrees with a rather high value of the ratio - (adsorption
isotherm values of the individual pure components at mixture
total pressure). It may be recalled that the Henry's law
approach indicated that
= N2'1-l2 17 (28
Figure 69 shows an attempt to correlate the ratio of ) Dist
to O ads with 2 The correlation is not very good but
N
it does give qualitative indication that large differences
in pure gas adsorbatility promote high adsorptive selectivities.
Vapor-liquid volatility for the propane-propylene
system is the reverse of adsorption selectivity on carbon'
so that the above approach is not very general. Similar
difficulties are encountered with this method for the
silica gel data for mixtures of gases of different structure.
The method might have some application for silica gel systems
involving gas mixtures of the same structure.
N2 tIn connection with the use of - as a measure of adsorptive
N1 '
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TABLE XLII
Comparison of Distillation Relative Volatility
and Adsorption Rdati9e Selectivity
System 1 atm 25 0 Approx. Dist.
.'_i_ 1 .,s.'bist ads ' ads
50-50 liquid mixture
(200F )
1.CH4-C2H4 130. 3.1 50 atm)
2.C2H4-C2H6
3 .C2 4-0316
4.0c2H-C 3 8
5.C2I 6-C31 8
6.03H6-03H8
14.9
2.50 1.3(50 atm) 1.53
25. 3.0(35 atm) 12.0
35. 3.3(35 atm) 12.5
11.7 2.7(25 atm) 4.4
1
1 , 2
1
1-(10 atm)
8.70
1.63
2.08
2.80
2.66
N2'
PCCIG
1.54
1.38
1.1
1.40 l.2(3'atm) 1.53 0.918
3.14
1.09
1.40
1.27
1.10
7. iC4 10- C4H8- 1 1.15
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selectivity, it was observed that the decrease of selectivity
with increasing total pressure is almost directly proprotional
N2Ito the ratio at the total pressure in question. Hence in
NN
Figure 70, plots of o1, and ( i{9 1 at ( 4 atm
for the variable pressure data available gives a fairly good
correlation of the decrease in oL with increasing total
pressure. This treatment works for both the carbon and
silica gel data and suggests a simple method for predicting
relative selectivity at various pressures from data available
at one set of conditions.,
(8) Use of Constant Relative Selectivity,
The previous paragraphs have been devoted
to methods of attempting to predict vapor adsorbate equilibria
from the adsorption isotherms of the pure gases alone.
Drawing still another parallel to vapor-liquid equilibria,
consider now the case where one or two experimental points
are available and it is desirable to extend the data or
correlate them in a manner similar to that employed
with the Margules, Scatchard, or van Laar equations for
vapor-liquid relations.
It has already been pointed out that telative selectivity,o(
as a function of 9( , composition of the adsorbate, shows itself
to be a rather uniform value. Using the o' from one experimental
~V7777
4:.rjgjji% L7
.11i4 --i {-oal.r st r -
. iI.
iI'.22 L§~ + - i4
71.
-,1 7 a
4~t t .. I . 4 14
IT-.
-J ~ i FE le W, e....L i i
_2V, a
I -
-'49
+!K 4' roptnevii, Propylens- -Mixturos on...ii& eJ01 114 1t; U atn ~~Atm' eased'on He~' 6)data
A .7 --.7 .
0 .2 .k. 81.0
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point, x-y curves for 15 binary systems have been cal-
culated and their deviations from the actual data curves
obtained. Deviations were calculated in the usual way
from equation (40). The propane-propylene system on
carbon has not been tested because its sl is so low
that the precision of the data do not justify comparison.
It is found that this approach successfully correlates
80% of the data, 6 of the correlations are classified as
good and 6 as fair. Only 3 systems correlate poorly.
(see Table XLIII) If a larger number of experimental
points were available, a more representative average
would probably show even better correlation.
It should be noted that the use of o( as a constant
-does not indicate the amount of material adsorbed. Hence,
it is necessary to employ in addition a relation such as:
N1  N2
+ 1.0 (31)
N N2
If the values of N1 ' and N2' are not available, they may be
approximated from other data using the correlations presented
in the adsorption isotherm section.
(9) van Laar and Margules Equations
Vapor-liquid equilibrium data have been treated
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TABLE XLIII
Correlation of Vapor-Adsorbate Equilibria
Using One Experimental Point and O(,a Constant
All at 2500
,Gases., Adsorbentt e.V(atm)
0 7a .' XExp
-Oave. Omax;
Correlation
Csificatio
1. C24-C 318
2.02H6 3H8
3.0 i 41 1 0- 4 H8 - 1
4.CH4-C2H.
5.02114-0216
6.02H4-C3H6
7.0214-C3H8
8. "
9. "
10.C1H6-03H8
11.CH4-C2H
12.0214-02116
13.
14.
15.C2H6~C3 H8
16.iC4H1 0-C4 18-1
FCC
FCC
PCC
1.
1.
1.4
1.8
1.
1.
2.25
1.
'l.
2.55
7.85
19.*2
1.
1.
SG
SG
SG
SG
SG
1.9 2.6
18.
16.
2.7
18.
1.7
5.6
7.5
43.
48.
9.2
36.
4.2
20.
26.
21.
No test
1.4 4
8.5
11.,5
8.3
8.0
5.4
18.
21.
22.
13.
12.
Columbia G Carbon, SG silica gel.
Good
Poor
Poor
Good
Poor
Good
Good
Fair
Fair
Good
Fair
Fair
Fair
Fair
Good
*PCC PCC carbon,9 G
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rather extensively with the van Laar and Margules equations.
Four modifications of the van Laar equations have been
tested in attempting to correlate the present vapor
adsorbate data. One of the methods shows a fair degree
of correlation for the -data on silica gel-but breaks down
on activated carbon data.
A modification of the Margules approach has been given
a preliminary test which did not appear encouraging.
However, it is suggested that further investigation of
this approach may be worth while. Other methods of cor-
relation have also been considered but they usually require
several experimental points which is often enough to determine
the whole system in adsorption. Details are presented in
the Appendix.
To summarize the results for binary mixtures, it may
be said that the component which is preferentially adsorbed
is the one which shows greater adsorption as a pure gas. Hence,
in evaluating the selective adsorption characteristics of
mixtures, molecular weight, gas structure, and adsorbent
saturation value must be considered just as for the pure
gas isotherms. Gas molecular weight properties dominate
the structure effects for adsorption on activated carbon.
Unsaturation in the gas molecule is much more important
on silica gel and may significantly augment or oppose the
difference in molecular weight of the gases. In the
absence of structural effects, such as unsaturation, there
appear to be appreciable differences in relative selectivity
between carbon and silica gel. No significant differences
were noted in relative selectivity for a given mixture on
the two different carbons investigated. It is concluded
that the principle difference in the selective action of
carbon and silica gel is one of nature of the adsorbent
surface rather than that of surface area or pore size.
The. amount of each gas adsorbed from the gas mixture
is lower than that of its pure gas isotherm but the total
amount of mixture adsorbed lies between the values for
both pure gases at the same total pressure. The relation
Ni N2
NRiT t N 1.0 
(1
correlates 15 sets of binary data within an average
deviation of 6%.
Increase in pressure increases adsorbent capacity
considerably but is accompanied by substantial decrease in
relative selectivity, o( , particularly in the pressure range
N2'
1-5 atm. The direct proportionality of cf to --- provides
N -
a simple correlation of of as a function of total pressure
and permits prediction of selectivity at other pressures
from data at one set of conditions.
Analogies based on Raoult's and Henry's laws, as
well as a Langmuir equation modified by some thermodynamic
considerations have failed to produce a simple relation
for predicting mixture equilibria from the adsorption
isotherms of the pure gases alone. Use of a constant
value of c obtained from one experimental point correlates
80% of the present data but can only be recommended as
an approximation. Extension of the potential theory and
use of modified forms of the van Laar equation has been
essentially unsuccessful.
3. ern y G' x Mtures
Results for the ternary system ethylene, propylene,
and propane at 1 atm at 250C on Columbia G carbon and silica
gel are presented in Figures 71-73 and 74-77, Tables XLIV
and XLV. The appropriate adsorption isotherms for the
pure gases and the results for the three binary mixtures
involved on carbon have already been presented and discussed;
the corresponding data for silica gel have been obtained
from the work of chertow et al (26).
It is observed that results for ternary mixtures are
completely analogous to those for binary mixtures. Again,
the component showing the greater adsorption as a pure gas
is the constituent which the adsorbent prefers most and the
others fall in line as their pure gas adsorptions.
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TABLE XLIV
Vapor-Adsorbate Equilibria of
Ethylene, Propane, and Propylene Mixtures on Columbia G Carbon
760 mm total pressure, 25.000
1 is C2Hk, 2 is C3H8, 3 is C3 H6
Coipposition
Adsorbate mol
fractions
Composition
Adsorbate mol
fractions
Total ads.
N'nid]
gm
3G-30 0.044
-33 .04.6
0.713
.250
0.243
.704
-28 .085 .240 .675
.090 .682
.145 .645
.19 .207
.27 .548
.273 .548
-24 .273 .549
.381
.590
.685
.164
.109
.233
.228
.210
.596
.176
.179
.178
.455
.301
.082
0.332 0.507
.349 .166
4.54
4.64
.519 .125 .356 4.52
.521
.654
.750
.833
.361
.261
.065
.124.
.118
.085
.185
.043
4.42
4.31
4.27
4.1o
.829 .128 .043 4.11
.830 .128
.894
.946
.965-
.030
.018
.029
.042 4.10
.076
.036
.o06
3.97
3.77
3.67
Remarks: In runs 22, 23, & 24, the gas admitted to the adsorbent first was
C3H8, C2H4, and C3H6 respectively; in the balance of the runs thegases were fed together. All runs were carried out with the
circulating apparatus.
x2
-29
-31
-25
-22
-23
, t4 -
______
-26
-27
-32
0.746
.262
.262
.750
.754
.258
.757
.753
.755
.265
.266
.740
10.7
11.5
11.7
10.9
11.1
12.1
13.3
13.0
13.0
12.8
9.88
11.2
11.5
11.1
11.5
11.2
11.1
12.3
12.3
12.5
12.8
14. 1
13.3
19.3
1.07
.965
(1.04)
.986
(1.01)
1.03
1.00
1.02
.902
(1.09)
.965
(1.04)
.988
(1.01)
1.10
1.34
1.72
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TABLE XLV
Vapor-Adsorbate Equilibria of Ethylene, Propane, and Propylene
Mixtures on Silica Gel
760mm total pressure, 25.000
1 is C2H4, 2 is C3H8, 3 is CH 6
Adsorbate Vapor Total ads.
mol fractions mol fractions M mi
Run# ~X1 '_-_ 'X3'-
xx 2
j1x2' ,X 1 4.X2 ,
.180 ;294 .526'
.184 .314 ;502'
.200 .292 .508
.172 .310 .518
.167 .288 .545
.379 .374 .247
Air leak before 20
.478 .206 .316.
.138 .486 .376
.068 .276 .656
.164 .0842 .752
.177 .124 .699
.143 .321 .536'
.0669 .535 .398
.0693 .738 -193
.384 .137 .479
.360 .266 .374
.147 .142 .711
.375 .124 .501
.462 .384 .154
.0470 .157 .796
.0885 .111 .800
.129 . 7 .791
.17 .42 .784
.64.1 153 .206
.646 .0733 .281
.634 .226 .140
.434 .377
.429 .363
422 377
.433 .36
.430 .368
.612 .322
passes made
.744 .178
.332 .545
.236 .425
.482 .143
.445 .241
.393 .414
.173 .683
-135 .813
.677 .207
.631 .272
.445 .221
.716 .140
.690 .281
.179 297
.3 1 .208
.4 8b .132
.540 .0762
.6o .105
.885 .0871
.8o6 .174
;189
.208
;202
.199
.202
.0660
-- run
.0780
.123
.339
.375
.314
*193
.144
.0520
.11-6
.0976
.334
.144
.0290
.24
15 0
.3 4
.0354
.0277
.0197
1.673
1;650
1.662
1.670
1.658
1.358
not used.
1.314
1.641
1.884
1.781
1.742
1.676
1.732
1.616
1.383
1.411
1.769
1.424
1.268
2.028
1.92
1.192
1.161
9412 ,
1
2
3
11
25
5
6
7
8
9
10
12
13
14
15
16
17E
19
20
21
22
23
24
26
27
.380
.369
.407
.357
.367
.504-
.699
.221
.197
.661
;588
.308
.111
.086
.737
.575
.509
.751
:5 6
,2 0
.546
.17
.797
.07
.898
.737
.358
.385
.365
.374
.346
.602
;395
.563
.296
.101
-151
.374
.573
.792
222
.415
.166
.198
.714165
.122
.092
053
.426
.207Z
.618
1.88
2.02
1.63
2 .'12
2.02
1.88
1.80
2.15
2,26
1.73
1.29
2.16
2.02
1.77
1.17
1.72
1.94
1.69
2.04
2.01
1. 4
2. 5
1.82
1.95
1.15
1.65
6.72
5.63
5.33
6.055g
6.96
6.04
6.30
7.36
6: 2
5.59
7.72
7.15
7.23
7.28
6.71
6044
6.64
7.94i.
6.41
7.80
13.9
9.04
3 57
2.79
3.26
3.09
3.45
3.22
3.50
3.43
2.98
3.40
4.33
3.57
3053
4.08
6.24
3.92
3.31
3.92
2.88
3.52
3.99
12.
5. 7
&13 C23,,
TABLE XLV (Cont'd)
.0704
.0916
.260
.474
.0972
.212
.0154
.0315
1.320
1.544
1.205
1.401
Remarks: In runs 1, 2 and 11 the gas admitted to the adsorbent first
was propylene, ethylene and propane respectively; in the balance
of the runs premixed gases were used, In runs 11 and 20-31,
adsorbate compositions were determined by desorption
rather than by difference. All runs were carried out with the
reverse pass apparatus.
28
29
30
31
.492
.300
.554
.302
.0644
.0829
.369
.553
.444
.617
.0768
.145
.833
.696
.725
.494
.885
.783
.6oo
.353
.127
.118
.828
.792
1.55
2.10
1.86
1.91
7.73
6.76
6.53
7.54
5.00
3.22
3.52
3*75
Figure 71 is a plot for the carbon data with yi plotted
X2
vs xl; the parameter held constant is - (1 refers
x2 + X3
to ethylene, 2 to propane, and 3 to propylene). When this
parameter is zero, the curve is the simple binary ethylene-
X2
propylene (Figure 46); when ------ = 1.0, the plot gives the
x2 4 x3
binary ethylene-propane (Figure 47). Note how close the
curves for the two binary pairs are; this corresponds to
the previous observation that the selectivity difference
between propane and propylene is very low on carbon (see
Figure 48). Propylene is more strongly adsorbed than
propane and hence the ethylene-propylene curve in Figure 71
would be expected to be above that for ethylene-propane.
This conclusion is borne out over most of the vapor composition
range but the reverse appears to be true at very high values
of yl. This discrepancy can be attributed to precision for
the agreement at high values of y1 is certainly within the
accuracy of the data.
Three component data points were taken with values of
-- - of approximately 0.25 or 0.75. The position of these
data with respect to the binary curves shows that relative
selectivity in the ternary mixture is essentially the same
as that of the simple binary. The ternary data points do
not all fall perfectly within the region defined by the
two binary curves but the agreement is considered excellent and
is well within the accuracy of the data.
The comparison between relative selectivity in the
ternary and that for its component binaries can also be
seen from Figure 72 which plots o and C1 vs x, for
the binaries and all the three component data points. These
points are somewhat scattered because of the extreme sensi-
tivity of o4 but it is difficult to discern any difference
between the values of oL in the binary and that in the
ternary mixture. Note that o,,.L and o1,3 have been delt
with in this discussion but the same observation applies
to l since the latter is not an independent quantity
but equals
The datafbr the same ternary system adsorbed on silica
gel are shown in Figures 74, 75 and 76. Figure 74 is comparable
to Figure 71 for the carbon data, while Figure 75 plots
x1
y3 vs X3 at values of the parameter -----. Both these
plots are required to define the entire x-y system; X2 and y2
can be obtained by difference from 1.0. It is observed
that the data points, with few exceptions, fall within the
limits defined by the binary curves and lines of constant
parameter can be drawn of shape similar to binary curves.
To observe the relation between o4 in the binaries and
that in the ternary, Figure 76 presents the binary and ternary
data for o1, and o4. Again, the relative selectivity
in the three component mixture agrees with that in the
component binaries.
This is an important conclusion both from the theoretical
and practical viewpoints. As far as the physical picture
of the mechanism of mixed adsorption is concerned, the
independence of oL in going from a binary to a ternary
mixture indicates the interaction of the molecules in
the adsorbate of both types of mixtures is the same. As
a matter of fact, the uniformity of o4 vs x in a binary mixture
could be interpreted to mean the same thing. In a binary
vapor-liquid system, it is a common occurrence for relative
volatility (of the more volatile component) to be high
at low values of x and lower at high concentrations of the
more volatile constituent. This is often explained by saying
that molecules present in low concentrations tend to be
forced out of the liquid by the affinity of the predominant
component for itself rather than for the dissimilar
second constituent. In adsorption, the adsorbate is admit-
tedly a dense phase, but the present data fail to show any
of the above effects characteristic of liquids. Of course,
the hydrocarbons are not a good example to prove the point
in question for vapor liquiduse these materials can often
be represented by Raoult's law for ideal solutions. Data
on a mixture of two dissimilar gases should be more informative.
4.34
One paper on a mixture of two dissimilar gases has been
noted: that of Lorenz and Wiedbrauck (92) for ethylene and
carbon dioxide on carbon. They observed a reversal in
rel&tive selectivity as a function of the composition of
the adsorbate; the effect doesn't conform to the above
vapor-liquid principles because carbon dioxide was more
volatile at all except low values of x002. Other effects
were probably involved in this system for the isotherms
of the pure gases crossed.
From the applied or engineering standpoint, the use
of e( for a binary mixture in ternary and presumably
multicomponent mixtures means a substantial saving in basic
design data needed and considerable simplification of
design calculations. Correlations and methods of prediction
developed for binary systems can be transferred to ternary
systems through the binary value of relative selectivity.
This observation also suggests the possibility of predicting
the equilibria for a two component system from two sets of
binary data involving gases making up the unknown mixture.
Thus, the relative selectivity of about 12 for both ethylene-
propylene and ethylene-propane mixtures on Columbia G carbon
indicates that relative selectivity for a propane-propylene
mixture would be about 1.0 ( et ---- ). Applying this
principle to predict the ethane-propane selectivity on carbon,
from the two binaries ethylene-ethane and ethylene-propane
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the predicted o4 is 7.8 which is in fair agreement with
values ranging from 4 to 8.8 observed for this system.
Good agreement is obtained for the silica gel data. From
the ethylene-ethane and ehtylene-propane. o(sa selectivity
of 5.3 is predicted for the ethane-propane system and
agrees well with the experimental value. Likewise, the
ratio of selectivities for the ethylene-propane and
ethylene-propylene binaries yield a value of od of 3.6 for
the propane-propylene system on silica gel; a good agreement
with the experimental value.
Figures 73 and 77 show the total adsorption or capacity
data for the ternary mixture on carbon and silica gel. It
is observed that all the ternary data points fall within
the limits defined by binary system adsorption curves.
Lines for constant values of the parameter ------ canX 2 f X3
be drawn at intermediate points.
The relation between individual component adsorptions
and their pure gas adsorption at total mixture pressure
which is so successful for binary mixtures has the form
1  N2  3 1.0 (42)
for ternary mixtures. This equation has been tested for
the data on both adsobbents. Twelve data points on carbon
showed an average deviation (from the sum of 1.0) of - 4.6%
and a maximum deviation of 1P 7.4%. Thirty data points on
silica gel gave an average deviation of 1.5% (predominantly
negative) and a maximum deviation of 52%. These
deviations are entirely in line with those observed for
binary mixtures. The tendency of the sum of the terms
on the left hand side of the equation to be less than
unity is emphatic.
The basic thermodynamic relations can be written to
apply to the four component system consisting of adsorbent
and three gases but again the energy changes of the solid
are unknown and little use can be made of the relationships.
The equation
(20)
SN2 NJ
T- T T
still applies to the various binary pdrsmaking up the ternary.
Hence, mutual depression or elevation of adsorption in
the mixture relative to that of the pure gases can be en-
countered. The present ternary data indicate mutual
depression as did their corresponding binaries.
The only literature data discovered that pertain to
three component mixtures are those of Joulin (74) (1881).
Unfortunately he measured only one point for the mixture
nitrogen-oxygen-carbon dioxide on active carbon and but
one mixture composition for the binaries. It is difficult
to put any emphasis on the comparison of these single points
particularly since the binary data were taken at 0OC and the
ternary at 170C. However, the relative selectivities in
the binary and ternary are not markedly different: a N2-02 3.5
in the binary and 4.6 in the ternary, (2C= 2.6 in
the binary and 1.6 in the three component mixture. These
mixtures do involve the dissimilar gas carbon dioxide
and further data on this -system would be of value in deciding
whether independence of cd in going from a binary to multi-
component mixtures is of general applicability.
One recent study on the adsorption of binary and
ternary mixtures of various organic vapors has been published
by Amphoux (6). However, he used both a static and dynamic
experimental technique which gave contradictory results and
hence, his data cannot be considered reliable.
In conclusion, it can be stated that for mixtures of
these light hydrocarbon gases, both carbon and silica gel
adsorbents show the same degree of preferential adsorption
for a gaseous constituent whether that component is present
in a binary or ternary gas mixture. However,- additional
data on mixtures of dissimilar gases should be studied
before this conclusion can be considered general. The
relation 2 N 1.0 is found to hold within about 5%
(deviations predominantly negative) and should prove to
be a valuable tool in estimating and correlating adsorption
data.
4. &6~c'i 'yand' prcso f esrmn
a. Reverse Pass Apparatus:
As stated previously, the early work on adsorption
of the light hydrocarbon gases was carried out by Huxtable (7)
and Ku (84). Using a crude form of the reverse];ass apparatus,
they observed high relative selectivity in olefin-paraffin
mixtures on carbon black; ethylene-ethane, C0 of 5-6, propylene-
propane, cl-of 3-5. The large number of experimental points
showed a great deal of scattering.
Hoffman (64) and Chertow (26) improved the reverse pass
apparatus and developed better techniques for degassing the
adsorbent and handling the gases. Working with a carbon
black similar to Kut s, a low selectivity (c/= 1.06) was found
for the propane-propylene system. These data included a
large number of experimental points which didn't scatter but
showed good reproducibility. There seems to have been three
principle differences in the technique used by Ku and that
of Hoffman. Ku used only 6 passes (3 back and forth) over
the adsorbent while Hoffman used 20 passes (10 back and forth).
Hoffman had the adsorbent packed in the gas passage tube so
that gas had to flow through the bed, while in Ku's apparatus
there was some opportunity for the gas to bypass the solid.
Also Hoffman used washer-magnet mixing devices in the gas
reservoirs to aid in mixing the gases. It was concluded that
Kurs results were in error because he had failed to reach
equilibrium.
Ku did attempt to approach equilibrium from both sides
by admitting one gas to the surface first and then the second
and vice versa. Inspection of these data points reveals
substantial discrepancy, but apparently Ku concluded that
the agreement was reasonable. As a matter of fact, Hoffman
found that in the four runs he made attempting to approach
the equilibrium from both sides, he was unable to obtain
consistent results. Later, however, Chertow used the same
apparatus and gas mixture on silica gel and found he could
obtain a satisfactory equilibrium approach from both sides.
At the beginning of the present work, the reverse pass
apparatus was used for a number of systems. In every case,
great precautions were taken to obtain a satisfactory ap-
proach to the equilibrium from both sides using 20 passes
before the.regular procedure using premixed gases and 20
passes was followed. The results were satisfactory but
not entirely gratifying in all cases. As an example, see
Figure 43 and Table XXIX for the data on isobutane-butene-1
on PCC carbon. The group of five data points at approximately
x =0.4 gives a comparison of runs with premixed gases and
those with an approach to equilibrium from both sides. The
two points showing good reproducibility and right on the smooth
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curve are runs 6 and 7 with premixed gases. Runs 1 and 15
were with isobutane on the surface first and fall on either
side of the smooth curve; run 16 had butene-1 on the surface
first and fell high with a little larger deviation than
that encountered for most of the other points.
To investigate the nature of this difficulty in ap-
proaching equilibrium from both sides, two simple experiments
were carried out with isobutane and butene-1 on FCC carbon
using the reverse pass apparatus. First, pure butene-1
(the more strongly adsorbed gas) was admitted to the ad-
sorbent alone and allowed to stand for 1 1/2 hours. Then
pure isobutane was admitted to the reservoir and the first
pass was made over the adsorbent in the conventional manner.
Instead of the.second pass (opposite in direction to that
of the first), the gas in reservoir #2 was expelled to the
atmosphere. Using the desorption pump and a glycol bath,
the adsorbent and dead space were completely evacuated.
The gas analyzed 81 mol % isobutane. Thus, the butene-1,
which had been allowed to stand alone on the adsorbent
first, had been practically completely replaced by isobutane
in the first pass.
A second experiment was made again letting butene-1
stand alone with the adsorbent. After admitting isobutane
and making the first pass as above, the washer-magnet mixing
device was used for a minute in reservoir #2. Then, the
second pass was made in the usual manner. This time
the composition of the adsorbate was found to be 96 mol %
butene-1. Thus, during the second pass, the butene-1
stripped the isobutane from the adsorbent and returned
essentially to the condition existent prior to the first
pass.
The experiments demonstrate clearly the difficulty
in approaching equilibrium from both sides with the reverse
pass apparatus. The introduction of the second component
to the adsorbent saturated with the first gas resulted in
practically complete replacement of the first gas by the
second. Hence, mixing with the washer-magnet device in
the reservoir was of low efficiency. The reverse procedure
took place during the second pass and again mixing in the
reservoir did little good because the gas was essentially
pure. It follows that a large number of passes and
considerable washer-mixing was required before homogeneity
and equilibrium was obtained. Similar difficulty applied
to runs where premixed gases were used but not to the degree
encountered when the gases were initially unmixed.
b. Circulating Apparatus:
To eliminate this mixing difficulty, a circulating apparatus
was designed and constructed. By using a mercury capillary
pump which circulated gases continually in one direction,
the gases just removed from the adsorption chamber were
continually mixed with the gases remaining unadsorbed.
This technique eliminated the see-saw effect encountered
in the reverse pass equipment. At the same time, the new
design eliminated the tedious procedure required in
making the 20 or more passes with the reverse pass apparatus.
An example of the approach to equilibrium from both
sides with this apparatus, see the data for ethylene-propane
at 1 atm on Columbia G carbon, Figure 47 and Table XXXIII.
Runs G-1 and G-2 admitted both gases to the adsorbent together;
runs G-3 and G-4 had ethylene or propane on the surface first
before the other component was admitted. Gas circulating
time was varied from 1 1/2 to 3 hours. The four points,
all at approximately x = 0.35 show excellent agreement.
For a direct comparison of data taken with both ap-
paratus, see Figure 46 for ethylene-propylene mixtures
on Columbia G carbon. The points indicated by circles
were taken with circulating apparatus by the writer; the
triangles are the data of Telesca (11) independently ob-
tained with the reverse pass technique. Approach to the
equilibrium from both sides were obtained in both sets
of data. It can be seen that the agreement between the
two methods is very good.
An indirect check between the two methods is the
agreement of the present propane-propylene data on Columbia
G carbon (Figure 48) with those of Hoffman (664) using the
reverse pass method for the same gas mixture on carbon
black. The data taken with the circulating apparatus
also show high consistency with the high pressure data
obtained in still another apparatus which also used
the reverse pass principle. In Figure 47 for ethylene-
propane on Columbia G carbon, the 760 mm data were taken
by the writer with the glass circulating apparatus. The
data at 2.25 and 7.40 atm were obtained independently by
R. D. Maher (7) with the high pressure equipment. The
complete similarity of the curves indicates a high degree
of reliability.
Data for one systen in this current work does not
agree with that of Chertow (26) and coworkers. Figure 78
shows the data (crosses) reported by Mdsner (103) for ethylene-
propane mixtures on PCC carbon when using a reverse pass
apparatus. The current points with the circulating ap-
paratus are indicated by the circles. To indicate con-
clusively that the difference in apparatus was not the
cause of this discrepancy, two spot points taken with
another reverse pass unit are shown as triangles.
Meisner's (103) original data sheets have been studied
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carefully to determine the source of the discrepancy.
All the data were recalculated but the recalculated
points are not serionaly different from the values
reported by Meisner. One item that was noted was that
data Meisner reported for 000 compared much better with
the writer's curve than his 2500 points. But even at 00,
Meisner's data show a bow toward the 450 line at high
concentrations of ethylene.
There seem to be two points where Meisner's technique
may have been at fault. First of all, his original data
sheets reveal that the volume of gas that he had left
unadsorbed (for mixing and passing back and forth over
the adsorbent) was usually only about 50 cc. The current
work indicated that it was better to work with at least
90cc unadsorbed. Some data obtained with smaller volumes
showed bad scattering presumably because it was so difficult
to get washer-magnet mixing in such a small volume.
Another questionable item is the analytical technique
used by Meisner. His original data sheets do not show
check readings after successive passes into the reagent
pipette to indicate complete absorption of a constituent.
In this connection, it was noted that in the analysis of
three samples containing high concentrations of ethylene
gas, the volume of inert propane remaining after absorption
was only 12, 8, and 3cc. Meisner used the wetted wall type
contact pipette for which it is desirable to have at least
20cc of inert gas to-get good contact with the reagent.
(Known volumes of air are often added to accomplish this.)
It seems highly improbable that complete removal of ethylene
could have been obtained from samples as small as the
above-mentioned. It is concluded that Meisner's data were
probably in error from a combination of these factors.
c. Precision Considerations:
(1) Weight of adsorbent:
The adsorbent was weighed on an analytical
balance to 0.1 mg. The precision of this weighing is much
greater than pbobable errors involved in other factors
to be discussed. An item of importance in connection with
the weighing of the sample was the ability of the adsorbent
to pick up water vapor from the air. The same PCC carbon
and silica gel samples used by Chertow (26) and coworkers
-were used in this research for it was- desired to have the
results directly comparable. Previous weighings had
been made with the adsorbents in the "as received" condition;
hence, this policy was continued. Toward the latter part
-of the investigation when the adsorbents had been in the
laboratory for more than a year, some diminution in the
adsorption per unit weight was noted and also a little
water was seen to be given off in the preparation of one
or two adsorbent samples in the apparatus. In order
to revise the sample weight to conform to previous
conditions, the adsorption isotherm of a gas known
from the previous data was determined on the new
sample. From this comparison an appropriate correction
factor for the sample weight was obtained; in most
cases this factor was only a matter of a few percent.
Note that this correction involved the amount of material
adsorbed only and had no influence on the x-y equilibrium
data.
The amount of adsorbent used depended on the ad-
sorbability of the gases under investigation. Since
the amount and composition of the hydrocarbons adsorbed
was determined by material balance in most cases rather
thanly complete desorption, it was necessary to strike
a compromise among several items. First, it was neces-
sary to leave about 90cc 'of gas unadsorbed to permit
good mixing and good precision in the Orsat type gas
analysis (Standard 100cc gas burets were used). Also,
in measuring the pure components into the apparatus,
it was desirable to remain with the volumetric limits
of the burets. At the same time, it was desired to
have the amount of gas adsorbed as large as possible,
so that in determining the amount adsorbed by material
balance the loss in precision in taking a small difference
in two numbers could be avoided. Direct determination
of the adsorbed gas by desorption (correction for dead
space required) involved substantially greater time for
a run and was not deemed worth while for the routine test.
It was used in a number of three component runs with the
reverse pass apparatus and it was the only method available
for the high pressure work.
In the light of the above consideration; sample
weights varied from about 1 gram for C or C4 data at 2500
to as high as 35 gram for the high temperature isotherm
data.
(2) Direct measurements:
Gas measuring burets were graduated to 0.1cc
and could easily be read to 0.05cc. All thermometers were
checked against secondary standard laboratory thermometers
(calibrations in Appendix). The dry gas measuring buret
water jacket temperature was read to 0.500. Adsorption
chamber temperature was generally held to within 0.1 to
0.200. The corrected barometer reading was good to 0.1mm but
because a mercury manometer was used to communicate the
gas buret with the atmosphere, it is estimated that the pressure
in the buret was good to 0.5 mm. Adsorption Chamber pressure
was read from a manometer to within 0.5mm.
Total pressure in the adsorption chamber during a
mixture run could be held to about 760 t 2mm using the
barostat. There were some local differences in pressure
due to pressure drop in circulating the gases or passing
them over the adsorbent. These should not have amounted
to more than a few mm of mercury. In all cases, before
taking the unadsorbed gas sample, the adsorption chamber
pressure was adjusted to within 0.5mm of 760 (except in
the high pressure equipment). Total pressures in the
high pressure runs were held to within about 0.05 atm.
(3) Dead Space:
The apparatus dead space was determined
with helium (essentially unadsorbed at these temperatures*).
The principle error in this determination involved two
buret readings so that the dead space should have been
good to 0.loc. Two or three determinations near at-
mospheric pressure generally agreed within this amount.
Every effort was made to keep the dead space as low as
possible and in most cases it was less than 10% of the
volume of the gas adsorbed.
(4) Precision of calculated values:
Detailed calculations involving the evalnation
of the precision of indirectly measured quantities are
* see next page
presented in the Appendix. Adsorption isotherm values
and the adsorption amounts for gas mixtures are estimated
to be within 1-2% and hence three figures are carried
in all these data. Gas analysis volumes are estimated
to be good to 0.2 - 0.4 cc; hence, vapor mol fraction
values are generally within 1-2%.- (see the analyses of
synthetic three component mixtures in the Appendix).
Composition of the adsorbate, x, as generally determined
by difference are estimated to have maximum deviations
of 0.01 to 0.02 mol fractions or about 5% maximum deviation
for a single determination. For direct determination of
the adsorbate composition by desorption, the maximum
deviation of a given determination of x is probably
reduced to 3-4%. An evaluation of the average deviation
in y for a given value of x from the best smooth curve
drawn through a series of experimental points has been
carried out for the ethylene-propane data on Columbia
G carbon, Figure 47* The average deviation of a single
measurement from the mean smooth curve (a.d.) is 0.007
mol fraction and the average deviation of any point on
the mean smooth curve (A.D.) is 0.002 mol fraction.
*(see preceding page)
for RD-228
The negligible adsorption of helium was substantiated
by the determination of the dead space of a 35 gm sample
at two widely different temperatures. The two values obtained
agreed within less than 1%.
251
The considerable scattering of the data for relative
selectivity, o vs x previously mentioned can be investigated
further by considering the propagation of errors.
From the definition,
71 (1-11)
12. xl(1-yi 43
then 1-xl4
71 X1(l-71)2
Substituting finite differences, A , for differentials
x1(1-y1 )
and: 6 {yfractional deviation in( = ------ -------- (46)
Thus, the fractional (or percentage) deviation in oe is
1
times the fractional deviation in y. y1 is a mol fraction
1-71
that is always less than 1.0, hence ---- is always greater than
.1- Y,
1.0 and the percent deviation inDa is always greater than that
of y It follows that the deviations in a are greatest
at large and small values of x or y. Considering some values
obtained in a system such as ethylene-propane on Columbia G
carbon, deviations inoZ for a given point may range from 5-10%
at intermediate values of x to 40% at x= 0.9. Hence, the sub-
stantial scattering of c4 vs x as compared to y vs x is to
be expected.
5. Rate of Eixcange 'Adsrption
The difficulty encountered in approaching equilibrium
from both sides when using the reverse pass equilibrium
apparatus led to the results already described concerning
the replacement of one gas by another. When butene-1
was put on the carbon adsorbent first and then isobutane
was passed through the solid, the exit gas was found to be
essentially pure butene-1. On reversing the flow, isobutane
was displaced by butene-1. The flow rate involved is es-
timated to have been a superficial gas velocity of 0.1 ft/sec.
D G
and the corresponding modified Reynolds number, - -- G
Hence, the complete exchange involved a matter of a few
seconds. These observations give qualitative indication
that the rate of exchange adsorptinn is relatively rapid.
More detailed studies were undertaken by Manz (99)
who measured gas flow rates and took exit gas analysis
samples as a function of time. Ethylene and dhane and
their mixtures were investigated using a fixed bed of
14-20 mesh silica gel (2.2 cm diameter and 22. cm high).
Figure 79 shows the data taken when the adsorbent was first
saturated with ethylene and ethane was subsequently passed
through the bed at a superficial velocity of about 0.1 ft/sec.
With the procedure reversed and ethane on the adsorbent
first followed by introduction of an ethylene stream,
the nature of the exchange can be seen from Figure 80.
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When a 50-50 mixture of ethane and ethylene is fed to an
adsorbent, the separation achieved is shown in Figure 81.
These curves indicate the shape of the concentration
wave front set up in the adsorbent bed as the gas is
passed through. When ethane is introduced to an adsorbent
bed saturated with ethylene, the ethylene is progressively
replaced by ethane. Equilibrium considerations have shown
that ethylene is preferentially adsorbed over ethane (relative
selectivity,o&. 3). Hence, when ethane is stripped with
ethylene, the wave front is much sharper. Two runs
are shown in Figure 80, Run 18 at about 0.1 ft/sec and
superficial gas velocity. These data are not extensive
enough to permit any conclusions regarding the influence
of superficial gas velocity. The area under both curves
in Figure 80, representing the total volume of ethane
displaced should be equal; the fact that they are not the
same is due to the low precision of the flow rates measured.
Material balances do indicate that the displacement of
one gas by another was essentially quantitative.
The curve of Figure 81 for the runs with gas mixtures
(velocity 0.1 ft/sec) show a sharp break. It was necessary
to use low velocities in all the runs because the total
time for observance of the phenomena was only a matter of
1-2 minutes.
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These data give further evidence that exchange ad-
sorption is rapid. An analytical treatment of exchange
adsorption in a fixed bed which would enable interpretation
of these data in terms of the height of a transfer unit,
height of a theoretical plate, or similar engineering
unit has not been developed. The data are not sufficiently
comprehensive to warrant development of empirical methods
of correlation.
Chertow (6) also obtained evidence that rate of
exchange adsorption is fast, Adsorbent samples which had
been previauly saturated with a pure component were
fluidized in a gas stream of a second pure component.
By analyzing the composition of the gases adsorbed as
a function of time, Chertow concluded that the exchange
was completed in a very short time.
Using a moving bed, continuous countercurrent apparatus,
Gould (5) attempted to obtain HTU and HETP for the system
ethane-ethylene and silica gel. His technique was at fault
for large proportions of air appeared in his gas samples
and he obtained no significant amount of exchange. The
conclusion he reached from his data appear to be entirely
without foundation.
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GQuld's work should be repeated for the principle
of operation of the countercurrent apparatus is sound
and with suitable experimental techique, the unit should
yield good data. Investigations of variables such as
adsorbent type, particle size, gas velocity, and gas
composition should provide a basis for empirical and
theoretical correlations. Further rate studies with
fixed beds of adsorbents should also be valuable. For
some complex gas mixture separations, fixed bed instal-
lations may have advantages over a continuous operation
inspite of their semibatch characteristics.
6. ng ierig'6idsions
A detailed evaluation of the possible uses of ad-
sorbents for industrial gas separations will not be
attempted here but a few of the features of a countercurrent
adsorption process in contrast to present separation techniques
will be mentioned.
Current practice for the separation of olefin bearing
streams (see Table I) usually involves low temperature factional
distillation employing refrigeration and pressure operation.
A typical distillation plant for ethylene purification (95%)
is described by Pratt and Foskett (47). The olefin bearing
gas, after compression to 600 psig, is dried by passing
through beds of activated bauxite or alumina and then fed to
a series of four distillation towers. Tower #1,
known as the methane tower, (20 plates or less) operates
at 575 psig with a temperature of -- 1300F in the condenser;
methane and hydrogen are taken overhead while the bottoms
are fed to the #2 or ethylene tower. The second tower
operates at 400 psig with OOF reflux and takes 95% ethylene
product overhead. Separation of the ethylene from ethane
with a relative volatility of 1.4 at average tower operating
conditions is a difficult separation and requires 50-60
trays, a high reflux ratio, and a tower height of about
100 feet. Bottoms from the ethylene tower are fed to
the ethane unit which operates at 380 psig and a 40OF
condenser temperature; ethane is taken overhead and bottoms
are fed to the #4 or propylene tower. This last tower
operates at 220 psig, 100OF in the condenser, and takes
propylene and propane overhead and removes the C4's as bottoms.
A recent modification of this process (f7) involves
the use of an absorption step instead of the methane tower
described above. This device permits operating the top
of the methane tower at 0OF instead of -- 1300F. Subsequent
separation is carried out with a series of distillation
towers similar to that &lready described. However, refrigeration
requirements for both processes are reported to be approximately
equal.
In addition to the utility requirements, the
disadvantages of these separation processes include the
problem of drying the feed gases and the requirement for
expensive alloy steels in sections subject to subzero
service.
In contrast, the adsorbents offer the possibility
of operation without expensive refrigeration for process
operating temperature would not be dictated by the
critical constants of the gases. The additional advantage
of effecting high recoveries from dilute gas streams is
also attractive, Thus, recovery of ethylene from a gas
such as a coke oven stream may be feasible. Even the
overhead gas (normally used as fuel) from the methane
low temperature distillation tower or an absorption unit
may have significant quantities of olefins that could
be economically recovered by the use of adsorbents.
It is apparent that silica gel shows much greater
selectivity for the mixtures of olefins and paraffins of
the same number of carbon atoms than the distillation
process. Hence, a substantial saving in the number of
theoretical plates or stages required for fractionation
is indicated. Table XLVI shows the results of some cal-
culations by Mher (97) on the adsorption separation
of ethylene and ethane using silica gel. The theoretical
plate requirement of 20 or less compares with 50 or 60
plates for a comparable distillation separation.
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TABLE XLVI
Adsorption Tower Characteristics as a Function of
Total Pressure for the System Ethane--Ethylene on Silica Gel
2500
Total Press.
atm
19.
7.9
2.6
1.0
Theoretical
INltates
20
17
12
9
it.reed''
29.
33.
47.
58.
RElative Tower
ttdinid e
11.
23.
55.
100.
Feed
Overhead
50.
5.
50
95.
Bottoms 95. 5.
Basis:
dihylen e dethane
The proposed adsorption process has its difficulties
not the least of which is the quantity of solid adsorbent
which must be circulated per unit weight of feed. Pressure
operation would reduce the solid requirement but increase
the number of theoretical plates. The operation of heat
transfer to the solid both for cooling and stripping should
be difficult but not impossible. Use of live steam for
stripping would seem to be promising. Polymerization of
the olefins at the high temperatures required for stripping
may be a complication. Some polymerization of butadiene
at room temperature and butene-1 at elevated temperatures
was apparently encountered in this work. Hatch (57)
observed the polymerization of isobutylene on silica gel
at room temperature. On the other hand, Alekseevskii (3),
Bonilla (i), Pankov (b) and Voronov (123) have made
some studies of the adsorption-desorption characteristics
of olefins and evidently found that polymerization was
not a serious problem.
Lack of quantitative data on rate of exchange adsorption
provents a definite statement regarding this factor. However,
all qualitative evidence suggests that the rate effects are rapid.
For a recent discussion of a commercial installation
for recovering ethylene using a moving bed of activated
carbon see Kehde et al (W ).
V CONCLUSIONS
Although the conclusions stated here are based on
results obtained with the hydrocarbon gases on silica
gel and carbon adsorbents and are consequently specific
to these materials, it is not meant to imply that the
conclusions may not have broader applications.
1. Adsorption Isotherms
a. When considering the relative amounts of adsorption
of the hydrocarbon gases on a given adsorbent,
it is necessary to evaluate not only the general
condensation characteristics associated-with
the molecular weight of the gas, but also elements
of gas structure which may make for greater af-
finity for the solid. Saturation of the surface
of the solid must also be taken into consideration.
b. For an adsorbent such as carbon, higher gas molecular
weight can be expected to be the predominant factor
favoring stronger adsorption. Unsaturation in the
gas molecule does play a part, however, and can be
the deciding factor for stronger adsorption when
gas molecular weights are close.
c. In the absence of unsaturation in the gas molecule,
higher molecular weight also promotes greater adsorption
Z6i4
on silica gel. However, unsaturation inthe molecule can
materially augment the molecular weight factors in adsorption
on silica gel.
d. Capacities of the adsorbents for the hydrocarbon
gases differ widely. Columbia G carbon adsorbs
40-60% more than ?CC carbon and from 2 to 9 times
as much as silica gel.
e. In attempting to correlate the isotherms, it is
found that none of the four popular analytical
equations tested will fit either the low pressure
or high pressure isotherms over the entire pressure
range. Most of them do correlate over limited
pressure ranges. The BET and Jura-Harkins equations
show the least promise for correlating these data.
The Langmuir equation would probably be prefrerred
for correlating the data below 1 atm and for
extrapolation to &-3 atm.
r. A method, based on the Polanyi potential theory,
has been developed-which correlates 1o adsorption
isotherms on 3 different adsorbents at 250C over the
pressure range 0.2 to 21. atm. T he method correlates
within 3-4% the isotherms of 6 gases on FCC carbon
and 5 gases on PCC carbon; it is within 8-10% for
7 gases on silica gel (methane on silica gel is an
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exception.) Saturated and unsaturated gases
show different correlation curves on silica gel
and at low adsorptions on carbon, The method
permits the prediction of a wide variety of
adsorption data from a minimum of strategically
located experimental points.
g. The method of f above also successfully correlates -
the temperature dependence of the adsorption
isotherm over a range of as much as 100-2000C.
Thus, the scope and versatility of the method
can be extended to the prediction of isotherms
at other temperatures from data at one temperature.
1
h. The linear relation between log p and --- at constant
T
amount adsorbed provides a simple method of correlating
and extrapolating isotherm data at various temperatures.
i. Etherington's (5) method of correlating the various
isotherms on a given adsorbent by-an empirically
determined constant appears easier to handle than
that of f above but the constants:could probably be
predicted by the latter method without requiring
actual data. The former technique appears to give
a better correlation of the data below 100mm pressure,
~66~
2.Y Mitures
a., The gaseous component preferentially adsorbed
from a gas mixture is the one which shows
greater adsorption as a pure gas.
b. Hence, in evaluating the selective adsorption
characteristics of mixtues, gas molecular weight,
unsaturation, and adsorbent saturation value
must be considered just as for the pure gas
isotherms. Thus, the conclusions of 1 b and c
above also apply to binary mixtures,
c. There appears to be no significant difference
in relative selectivity,OL , for a given gas
mixture on the two carbons tested. In the absence
of molecular structure differences in a gas mixture,
there seems to be appreciable variation iny. between
carbon and silica gel. However, it is concluded
that the principal difference in the selective
action of carbon and silica gel may be one of
nature of the surface rather than that of surface
area or pore size.
d. The adsorption of each gas in the mixture is lower
than that of its pure gas isotherm (at the. same
partial pressure) but the total value for mixture
adsorption lies between the pure gas adsorptions at
the same total pressure.
e. Tests of three sets of variable pressure equilibrium
data indicate good agreement with thermodynamic
relations which have been developed.
f. The relation
N + N 1. 0 (:51)
N2
correlates 15 sets of binary data within a maximum
average deviation of 65.
g. Use of higher pressures increases adsorbent capacity
considerably but is accompanied by substantial
decrease in relative s.electivity,- . This decrease
in o. can be correlated approximately by employing
N2'the ratio's of the pure gas adsorptions --'
h. A simple relation for predicting mixture equilibria
from the adsorption isotherms of the pure gases
alone has not been obtained,
i. Use of a constant value of rolative selectivity, o, ,
at constant temperature and pressure obtained from one
experimental point correlates 80% of the present data
but can only be considered an approximation.
j. Extension of the potential theory to binary mixtures
has been unsuccessful.
3. Ternary Mj1kitur
a, The conclusions previously stated for the adsorption
isotherms and binary mixtures regarding the factors
to consider in. evaluating preferential adsorption
are entirely applicable to ternary mixtures.
b. As in the binary mixtures, the adsorption of each
gas in the mixture is lower than that of its pure
gas isotherm and the total amount of mixture adsorbed
lies between the pure gas adsorption values at the
same total pressure.
c. Relative selectivity, 4 , of the components in a
ternary mixture is essentially the same as the
oL in the constituent binaries. This observation
should result in a substantial saving in engineering
design data required and result in considerable
simplification of design calculations.
d. The relation --
N N N
-3- = 1.0 (42)
N 1 N ' N'
1 2 3
holds within average deviations of 1.5 and 5%
for the system tested on carbon and silica gel.
4. A66ura46y
a. Independent checks on the equilibrium results
with three different apparatus operated by
different investigators indicate a high degree
of reliability for the data.
b. The newly developed circulating apparatus eliminetes
the mixing difficulties encountered in its predecessor
and permits.obtaining data of substantially greater
reproducibility.
c. For the x-y equilibrium data, a sample binary system
indicates the average deviation (a.d.) of a single
determination from the mean curve equal 0.007 mol
fraction in y for a given value of x. Average
deviation.-(A.D.) of the mean smooth curve is 0.002
mol fraction for a given value of x.
d. The results of this investigation agree with those
of Chertow (26) and coworkers except for the data
of Meisner (103) whose experimental technique is in
question.
5. R8te of Exchange Adsorption
a. Exploratory data taken with fixed beds of adsorbent
indicate that rate of exchange adsorption is rapid.
b. These preliminary data are not sufficiently com-
prehensive to permit deductions regarding mechanism
of adsorption, influence of significant variables,
or values of HTU or HETP.
c. Gould's (55) data for a continuous counter-current
adsorption tower were in error.
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VI RECOMMENDATIONS
1.Ad6 orpton 'I sotdiesi
a. The modified potential theory approach can be
recommended for the prediction and correlation
within engineering accuracy of the isotherms
of the hydrocarbon gases over a wide range of
pressures and temperatures.
b. The Etherington KN vs p/ps correlation (perhaps
with the K determined by a above) has advantages
of simpler handling and is to be recommended for
greater reliability at low pressures (particularly
below 100mm Hg).
c. None of the popular analytical expressions can be
recommended for correlating the data over the
entire pressure range investigated. The Langmuir
and Freundlich equations may be used for ranges of
a few hundred millimeters of mercury below atmospheric
pressure and for a range of a few atmospheres above
atmospheric.
d. It should be valuable to compare the isotherms of gases
such as isobutane and normal butane in order to evaluate
the influence of branch chain structure on the
adsorption principles that have been established.
e. Adsorption isotherms of dissimilar gases should
be studied to obtain a still broader theoretical
picture.
2. Sinar' Mixtures
a. The principles set forth in the above Conclusions
are recommended for evaluating the selective adsorption
characteristics of mixtures.
b. The relation
NJ N2
N1  N2 0
can be recommended for binary mixtures and can be
expected to hold with 6.
c. No relation for predicting mixture equilibria from
the adsorption isotherms of the pure gases alone
can be recommended.
d. At constant temperature and pressure, the use of
a constant value of relative selectivity, o4.
obtained from one or an average of several ex-
perimental points can be considered to be a fairly
good approximation.
e. The direct proportionality of the decrease in OIL
with increasing pressure to the ratios of.2 at
NJI
the corresponding pressures can be recommended
as an approximate method of predicting the effect
of total pressure on relative selectivity.
f. Extension of the potential approach, successful
for the isotherm correlations should-be studied
further to attempt to develop the technique for mixtures.
g. Further attempts e correlations of the Margules type
are recommended.
h. Additional studies of the effect of temperature
on relative-seledtivity,c 0 , for binary mixtures
on carbon are suggested.
i. Binary mixtures of gases whose pure gas isotherms
cross or are close together should be studied, e.g.
isobutane and propylene.
f. Studies of mixtures of dissimilar gases might reveal
the nature of the interaction of the adsorbed molecules
in mixed adsorption, e.g., ethylene and carbon dioxide
or ammonia and ethylene.
3. Terndry&Mixtures
a. The selective adsorption principles detailed for
binary mixtures and the adsorption isotherms also
apply to ternary mixtures.
b. The relative selectivity,ol , found in the con-
stituent binaries can be used for the cr- of the
same component pdrs in a three-component mixture
of similar gases.
c. The relation
N N N
-g+ + .g=1.80 (42)3 2 
can be recommended for ternary mixtures and can be
expected to hold within 5%.
d. Studies of ternary mixtures of dissimilar gases
should assist in establishing the influence of
interaction of the adsorbed molecules and determine
whether use of OC for the binary pairjin a ternary
mixture can be justified generally.
a. The newly developed circulating apparatus is
recommended for future work at low pressures
on vapor adsorbate equilibria of gas mixtures.
5. tId 6r 'xdi iii 'iAd6ion
a. Additional data on fixed beds of adsorbents should
be obtained and a mathematical analysis should be
attempted.
b. Further work with the continuous moving bed is
recommended with careful attention to improvements
in the experimental technique.
VII APPENDIX
A. EXPANSION OF INTRODUCTION
1. iiis'i6iy'6t 'tifii' tde' 'o 'A6o'A'enii's 'f'o'r 'Seaiiing 'Gases
a. Qualitative Laboratory Investigations
Since Dewar's (:6) (1904) work on the fractionation of
air, efforts on separating gases using adsorbents have been
rather numerous. Papers of a more or less qualitative nature
dealing with such separations on a laboratory scale include
the following. Claude (27) (1914) described a method for
purifying neon from hydrogen by adsorption on carbon at the
temperature of liquid air. He found that the neon was ad-
sorbed in preference to the hydrogen.
The separation of argon, krypton, and xenon was outlined
by Peters and Weil (_110) (1930) who used adsorption on carbon
at low temperature followed by fractional desorption at re-
duced pressure. They indicated that the best conditions for
quantitative separation occurred at low pressure and low
temperature.
Voronov (12) (1932) studied mixtures containing ethylene,
propylene, butene, and butadiene adsorbed on activated carbon.
He found that on recovery the ethylene and propylene were
liberated first permitting separation from the C4 constituents.
The separation and preparation of pure hydrocarbons by means
of desorption was also investigated by Peters and Lohmar (91)
(1937) who suggested its use as a method of analysis for gas
mixtures.
Quantitative separation of neon and helium using
carbon and low temperature desorption was described by Peters
(lii) (1937); the experiment was suggested as suitable for
a lecture demonstration of the desorption method.
Edse and Harteck (44) (1939) using a modification of
Peters method developed an analytical method for gaseous
hydrocarbon mixtures. They pointed out that separation
of mixtures such as propane and propylene was difficult and
also that while propylene desorbed more easily from carbon
than propane, the opposite was observed with silica gel.
Binary mixtures of nitrogen with oxygen, methane and
hydrogen were studied by Alekseev (5) (1939). He observed
that components having nearly the same degree of adsorption
in the pure state were the hardest to separate. A review
of the work on the analysis of hydrocarbon mixtures by
fractional desorption was outlined by Hallett (58) (1942).
Application of adsorption separations of hydrocarbons for
analytical purposes at temperatures that would be too high
for distillation was reported by Bratzler (20) (1943).
Turner's (119) (1943) paper described an automatic
adsorption apparatus which analyzed hydrocarbon mixtures of
4 or 5 constituents. The unit employed activated carbon
in a 6 ft. cylindrical fixed bed. After saturation of the
bed with the sample to be investigated, desorption was ac-
complished by a concentric electric heater which was gradually
moved from the bottom to the top of the bed. Mercury was
used as the confining fluid. Light constituents were
stripped first and heavier molecular weight components
last. Turner pointed out that the apparatus did not
separate such combinations, as propane and propylene.
This type of unit has since been patented by Burrell and
Guild (2 ) (1946).
The above laboratory scale efforts do not include
detailed analytical treatments; the latter are discussed
in the section on adsorption rate.
b. Qualitative Industrial Applications
Along with the above laboratory efforts there were a
number of workers who sought to apply the adsorption separation
principles to industrial practice.
As early as 1923, Lucius and Bruning (21) were granted
a patent that proposed using a moving layer of carbon or
successive carbon layers in order to permit using counter-
current operation rather than the laboratory batch desorption.
A circular apparatus with gas passing through several ad-
sorption chambers connected in series and provision for cutting
specific chambers in or out of the series for adsorption or
desorption at suitable intervals was described by Lachmann (87)
(1924). This was an attempt at countercurrent operation and
used the same principle as the Hoffman ring furnace.
Engelhardt (C6) (1937) discussed the use of activated
carbon for removing ethylene from coke oven gas and some
foreign.patents have been noted on such a process (2).
Berg's (12) work is described fully in the Introduction.
Several recent U.S. patents, Kiesskalt (76), Kearby (75),
and Blue and Houdry (i6) pertain to separation-of gases by
adsorption.
2. The dso iin so'hdirm
a. Langmuir Equation:
The principle assumptions in Langmuir's derivation are:
(1) The forces of interaction between the adsorbed molecules
themselves are negligible. (2) Surface forces and thus heats
of adsorption over the entire surface are uniform. (3) Only
those molecules are adsorbed that strike bare surface; those
striking molecules already adsorbed on the surface are elas-
tically reflected.
Let ,AA = number of mols of gas striking the
adsorbent/unit area/unit time.
By the Herz-Knudsen statistical equation
"---- .--------- = kp (Al)
T2 9FNRT
where p = pressure, M = molecular weight, T = absolute
temperature, R = the gas constant.
Let Q condensation coefficient, the fraction
number of mols that condense/total number
that strike the surface
G = fraction of the surface covered by adsorbate
v= rate gas molecules would evaporate from the surface
if it was entirely covered.
N*=number of points on the surface effective in adsorption.
A-= Avogadro's number
N number of mols of gas adsorbed/unit area
Then, the rate of condensation on a partially covered surface-=
(1-Q ) G
The rate of evaporation = v Q.
At equilibrium these two rates are equal and
(1-Q) v1  or
v1  (3 (A2)
But also -A---N* (A3)
Combining (A2) and (A3) and substituting k p for/f4,
k
-. --- ------ and letting
N* 1 - (P- 1 )p
- v
N* ' 3kb - and a = constants at constant T
A v
jq (A4)
1+a p
which is the equation in the form commonly encountered.
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N*
At high pressures, the equation reduces to N =b -
and hence might be expected to be substantially independent
of temperature except for any variation of N* with T. However,
N* is apparently a strong function of temperature. a would
be expected to be a strong function of T since it includes k
which is inversely proportional to
b. Magnus Equation:
As indicated in the Introduction, the equation of Magnus ( )
attempted to allow for some of the factors neglected in Lang-
muir's equation. He assumed that the forces of interaction
between the surface and gas were electrostatic and that the
adsorbed molecules on the surface behave like a two-dimensionb.l
imperfect gas with an equation of state similar to that of
van der Waals. Apparently the theory should apply only to
conductors such as charcoal. One of the forms of the equation
is:
k k p-k 9-N2
1 tk p - N2  (A5)
where the k's are constants. The similarity to the Langmuir
equation can be noted since the relation would reduce to the
former if the last terms in the numerator and denominator were
neglected. The three constants in this equation make it dif-
ficult to handle. However, it is reported to have had some
success for adsorption on carbon but not for that on silica gel (2).
c. Kelvin Equation:
The thermodynamic relation between surface curvature
and vapor pressure of a liquid was apparently first deduced
by W. Thomson, although some attribute it to Rayleigh. The
derivation -presented here follows that suggested by Freundlich (50).
The equation is derived for spherical drops (convex
surface) because of the simple analytical treatment. However,
the final relation not only itdicates that small deps have
excess vapor pressure but that concave surfaces of the same
radius of curvature have a vapor pressure that is smaller
by a corresponding amount. Let subscripts 1 and 2 refer to
two drops of the same liquid of surface tension 6, liquid
density, e, and molecular weight, M. Designate surface
area by A, drop radius by r, weight of the drop by w, its
vapor pressure by p, and volume by V.
Consider an element of liquid, dW, transferred from drop 1
to drop 2:
p2
distillation work = dF= RT (1n -- ) dN (A6)
pl
since: dN= dW- (A6)
p2dW
distillation work = dF-= RT (1n P2) -- (A7)pi M-
Net surface work =distillation work-= dF 0' (dA2-dAl)(A8)
A =4 7r r 2  (A9)
dA =8 7r rdr (AlO)
dW =Q dV = p Adr
8 '7. r dw 2 d w
dX =- -- 
-
-
--- p--~
20' 1 1 RT P2d(dA2 -dA) =---- -) dw= -- (1n -- )dwe 2 r1 4 P
RT P2 = 2e
- n--
1 1(-- --- )
Note that when r 1  r2 , also P2 P1, and hence, the
smaller drop has the larger vapor pressure. If a liquid drop
is compared to the plane surface of a liquid, r1 = oOand Pi=
the normal vapor pressure of the liquid.
RT P2
---- in --
M pi
20' 2d6M
-- or r2  ~~~~~~~~P2Q r 2 QRT np
(A15)
These are the forms usually encountered.
If a drop of water has a radius equal 10~4 cm, its vapor
pressure is only 1/1000 greater than that of a plane surface.
For an r = 10- 6 cm, P2 is 10% greater than p1 , and for
r = 107 cm, P2 is twice Pi . However, when the drop radii
get this small, there is a question whether surface tension
can be considered constant.
The equation indicates that vapor will condense first in
the smaller capillaries of an adsorbent and at higher pressures
in the larger ones. Celculating the size of capillaries from
adsorption data indicates that for pressures much below saturation,
(All)
(A12)
(A13)
(A-14)
Then
the calculated radii would have to be of molecular dimensions
or smaller to account for adsorption at low pressures,
d. B E T Equation:
This development follows that presented by Brunauer (23).
The first two assumptions made are similar to those of Langmuir:
(1) Uniform heat of adsorption is assumed in the first layer of
adsorbent and (2) Interaction between the molecules in the
first layer of adsorbent is negligible. The principle difference
in the B E T theory is that in the absence of capillary condensa-
tion, they assume multimolecular layers of adsorbent. For all
layers after the first, they assume that the heat of adsorption
is equal to the heat of liquefaction.
Let S0. Sl, --- Si represent the surface area covered by
o, 1, i layers of adsorbed molecules. At equilibrium So must
remain constant and the rate of condensation on the bare surface
must equal that of evaporation from the first layer (cf. Langmuir)
El
a1 p So = b1 SG
where p is the pressure, El is the heat of adsorption in the
first layer (assumed constant), and a1 and b, are constants.
This relation is obtained from statistical considerations but
is essentially the Langmuir equation for unimolecular adsorption.
At equilibrium S1 must also remain constant, for the rate
of condensation on top of the first layer equals the rate of
48&
evaporation from
or in general
the second layer:E 2
-
-
RT
a2 P 1 = b2S2
E
ai p Si.1 biSie~ NT~
(A17)
(A18)
Total surface of the adsorbent is:
A= Si
i = 
Total volume adsorbed is
i o
V = vo i Si
i o
(A19)
(A20)
2
where v is the volume adsorbed on one cm of adsorbent surface
when it is covered with a complete unimolecular layer.
Then: v v i o i
Av 0  vm
S
i
-i
(A21)
where .vm is volume of gas adsorbed when the entire adsorbent
surface is covered with a unimolecular layer.
Assuming that
E2 = E =--- E =E L(A22)
where EL is the heat of liquefaction, the constants a and b
are related:
b b bi
a2 a3 ai
(A23)
Expressing S 1, 82'
y
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~~ S1 in terms of So
o where y ( p e RT
EL
where x =(P-) e RT1 -g
S3 x S2 x2 S
S xS -l y x(_ So = CxiS
where c ---
x
Then
and
Thus
~~ i=
Vm so (1+ 0 X )
i =1
i 24 x
i 1 0 x XL X
i 1 -x)i 1x
v CX------
.M m 1x) (1x c X)
For adsorption on a free surface, (i.e. no extremely small
capillaries), at ps, the satuition pressure of the gas, an
infinite number of layers can build up on the adsorbent. Then
when p= pas v-.) , and x= 1.0 and hence
1.0g) e RT
and x = --
ps
(A32)
(A33)
(A24)
(A25)
(A26)
(A27)
(A28)
(A29)
(A30)
(A31)
From.these relations the final brm obtained after
substituting into equation (31) is:
vm c p
V = - - - - -- (A34)(Ps-p) 1l+ (c- 1) -P
p 1 c-1 p
or ----- (A35)
V (ps-p) VMc VMc Ps
If adsorption doesn't take place in large capillaries,
another constant is introduced into the equation. To include
a factor for capillary condensation, still another constant
must be introduced into the relationship.
3. Heas '6'd56rption
The approximate method for calculating the differnntial
heats of adsorption from the adsorption isotherms at two
different temperatures may be outlined as follows. Consider
a system consisting of a fixed amount of adsorbent and a pure
gas. In state A the adsorbent is evacuated and an infinite
amount of gas is in an isolated container at pressure p. Some
of the gas is admitted to the adsorbent reversibly and isothermally
leaving the system in state B. In state B, a finite amount of
the gas is on the surface of the solid in equilibrium with gas
at pressure p.
Then for the change,
dE = dQ- dW (A36)
where E is internal energy, Q is heat added to the system,
and W is work done by the system.
If the process is reversible, and surface effects are neglected,
dE =Tds - pdV (A37)
Where s is entropy and V is volume.
Since Helmholtz free energy, A= E - TS
dA= -pdv - SdT (A38)
then / \ p\ 1 Q
T V
First, consider the term for the change in question.
If it can be assuined that constant V can be approximated by
holding N (the amount adsorbed) constant; i.e., the volume
of the adsorbent plus a constant amount of adsorbate is in--
dependent of the temperature, then this term can be evaluated.
Next, consider - and make the approximation
tht T (IQ Tthat -
-
. Neglecting the volume of the gas
T T
as adsorbate compared to the volume it would occupy in the gas
RT
phase, 6V VB ~ A' B- o, and VA= --- on a molar basis if
the perfect gas laws apply.
Thus,
p 1 A4Q (Ao
-T- -- (A,40)
N p
or 1n p
(A41)
TN
If A Q is assumed independent of temperature, integration
gives:
p2 AQ T2 - TIn -(A42)
91 R T 1 2
4. Equlibria tor"Gas Mixtiures
a. Survey of the Literature:
The salient aspects of the literature on equilibrium
are presented in the Introduction but a more detailed
chronological discussion will be given here.
Joulin (U1) (1881) investigated the binary mixtures,
nitrogen & oxygen, nitrogen & carbon dioxide, oxygen and carbon
dioxide, hydrogen & carbon dioxide, and also the ternary
mixture nitrogen, oxygen & carbon dioxide, on carbon. These
data are of limited use since only one composition was in-
vestigated for ally but the carbon dioxide & hydrogen mixture
where two mixtures were presented. He used a static experimental
method which made no provision for mechanical mixing of the
gases. However, by analyzing the residual gases as a function
of time until a substantially constant value for vapor composition
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was obtained, he apparently approached equilibrium fairly
well. Joulin concluded that each gas was adsorbed as if
alone at the partial pressure it exerted in the gas mixture.
Oxygen was adsorbed more strongly than nitrogen and carbon
dioxide more strongly than nitrogen, oxygen & hydrogen both
for the pure gas isotherms and in the gas mixtures. This
indicated that the higher molecular weight and higher boiling
components were more strongly adsorbed.
Mixtures of carbon monoxide & nitrogen on charcoal at
-7900 and at pressures up to 1 atm were studied by Homfray (65)
(1910) using a static experimental method. The compositions
of the separate phases were not determined and hence the data
cannot be interpreted in terms of the significant variables.
The total volumes of mixture adsorbed were noted and found
to be between those for the individual pure gases. Hempel
and Vater (62) (1912) worked with binary -mixtures of hydrogen
with methane, ethylene, ethane and acetylene and a mixture
of nitrogen & ethylene on carbon. Their experimental technique
allowed for at least one pass of the gas mixture under in-
vestigation through the adsorbent. However, this work was
largely qualitative since they measured only the amount of
mixture adsorbed and the composition of the gas phase and
did not determine the composition of the adsorbate.
Using a static experimental method in the range 0.5 to 10 mm
with mixtures of nitrogen and oxygen on charcoal, Bergter (1)(1912)
concluded that while the proportion in which the two gases
were adsorbed depended on the pressure, in his work oxygen was
adsorbed 30-40 times as much as nitrogen. Preferential
adsorption of oxygen conforms to the observation of Joulin
although the latterts data indicate a relative selectivity
of only 3.5. Bergter also concluded that the presence of
nitrogen increased the relative adsorption of oxygen com-
pared to its pure gas isotherm while the reverse was true
with nitrogen. This observation is not in agreement with
thermodynamic considerations mentioned elsewhere.
The work of Blodget and Lemon (is) (1919) with oxygen
& nitrogen mixtures on coconut charcoal using a static type
experimental technique at liquid air temperature was es-
sentially qualitative in nature. They failed to get complete
phase composition data'but did conclude that the adsorption
of each gas from the mixture was depressed by the presence
of the other. The paper of Wilson (1 i) (1920) was based
on the data of Lemon and Blodget and was an attempt to cor-
relate their data. Lapkamp and Seeliger (89)(1921) studied
mixtures of neon and helium on chabasite but their results
are not entirely quantitative. They did observe that gases
in the mixture nearly obeyed Henryrs law.
Mixtures of carbon dioxide and nitrous oxide adsorbed
on charcoal were studied by Richardsonaid Woodhouse (i)(1923).
They obtained the individual isotherms of both gases at 000
and observed that nitrous oxide was more strongly adsorbed
up to maximum pressure investigated (2800 mm Hg) where the
two isotherms intersected. For the three mixture com-
positions investigated, they found that at lower pressures
a continually increasing proportion of nitrous oxide was
adsorbed. These two gases are of equal molecular weight
and the normal boiling point of nitrous oxide is about
100C lower than that of carbon dioxide. They also observed
that the volume of mixture adsorbed could be calculated from
a mol fraction average of the volume of the pure gases ad-
sorbed using the composition of the residual gas. These
investigators used a static experimental technique and
ordinarily premixed the gases in a buret by compressing
and expanding them with a mercury column a few times before
admitting the gases to the adsorption chamber. With this
technique they were able to obtain reproducibility. However,
in one run, they admitted carbon dioxide gas first without
premixing and then brought in the nitrous oxide. After
39 hours, the percent nitrous oxide in the residual gas
was 33.9% while for the corresponding gas mixture in a premixed
condition the value was 21.1% nitrous oxide. Although
Richardson and Woodhouse concluded that they did obtain e-
quilibrium when using premixed gases, these results indicate
that the static technique leaves a great deal to be desired
as far as efficient gas mixing is concerned.
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Lorenz and Wiedbrauck (2)(1925) introduced the
dynamic experimental method which provided for passing a
mixture of known composition over the adsorbent until
the exit gas was the same as that entering. The amount
of gas adsorbed and its composition was then determined
by desorption of the sample. They report results on
mixtures of carbon dioxide & hydrogen at -200, 00, and
1800 and observed that relative selectivity decreased
over this temperature range. They also worked with carbon
dioxide and carbon monoxide at 000 and carbon dioxide &
ethylene at 000. The higher molecular weight and higher
boiling carbon dioxide was preferentially adsorbed in all
these mixtures except for that with ethylene where the
latter was more strongly adsorbed except at low carbon
dioxide concentrations in the gas. Preferential ad-
sorption in the mixtures conformed to the degree of ad-
sorption indicated by the isotherms of the pure gases.
The adsorption of the more readily adsorbed gas was greatly
depressed by the presence of the other. All mixture runs
were made at 1 atm total pressure. Relative selectivity
el as a function of composition of the adsorbate was found
to be rather uniform for the carbon dioxide and hydrogen
and carbon dioxide & carbon monoxide mixtures, but showed
a reversal for the carbon dioxide & ethylene.
Adsorption of mixtures of carbon dioxide & hydrogen
on wood charcoal were also investigated by Magnus: and Roth (94)
(1926) using the dynamic method at 1 atm total pressure.
Their data, recalculated and presented in Figure Al, agree
with those of Lorenz and Wiedbrauck indicating that carbon
dioxide is preferentiallyad sorbed. Over the temperature
range 00 to 1490C they found a large decrease in oL as
indicated by the distance of the experimental curve from
the 450 line in Figure Al. Relative selectivity, oC, as
a function of ( was again indicated to be relatively uniform.
They attempted to apply Henry's law type relation for the
adsorption of the components of the mixture but met with
only partial success at the higher temperatures where the
amount adsorbed was relatively low.
Klosky and Wov (Ll)(1928) used the dynamic experimental
method in working with mixtures of sulfur dioIde and methyl
chloride at 2500 and sulfur dioxide & butane at 3500 on titania
gel at 1 atm. They observed reversal in relative selectivity
with changing composition for both mixtures. The adsorption
of each component was depressed by that of the other. The
linear relation for total amount of gas mixture adsorbed as
a function of vapor composition discussed by Richardson and
Woodhouse was found to hold for the system sulfur dioxide-butane
but not even roughly for the system sulfur dioxide-methyl chloride,
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TABLE AI
Vapor-Adsorbate Equilibria of
Mixtures of Carbon Dioxide and Hydrogen
on Activated Carbon
Data of Magnus and Roth (_94)
1 atm total pressure
(Recalculated to an air free basis)
Comip os iion
mol fraction 2
ddli ~6b ex '''idi, y
at ooC
0.303
.208
.207
.136
.099
.065
.042
.029
.015
.005
0.958
.934
.934
.8 o
.7o5
.649
.471
.361
.202
.073
Composition
mol fraction
A d i'bati '
: 52
.393
.369
.332
.264
.163
.094
.o66
.036
.012
at 4000
0.493
.390
.333
.277
.191
.121
.071
.050
.037
.009
0.619
.380
.180
.038
0.953
.929
.901
.869
.7841
646
.464
.360
.285
.072
H2
Vapor, y
at 6000
0.936
.914
.886
.873
.842
.789
.644
.469
.356
.213
.076
at 148.700
0.877
.684
.391
.093
For the amounts of the individual components adsorbed from
the gas mixture, Klosky and Wov suggest a simple relation
involving the relative adsorption lowering of the two gases
and the ratios of the product of molecular weights and
viscosities of the two components. This was said to
have been based on previous consideration of Drucker (4o)
regarding adsorptinn and gas viscosity.
Huckel's (68)(1928) monograph devoted a short section
to adsorptinn of mixed gases in which he reviewed the
literature briefly and presented a kinetic derivation
for equations which are of the same form as those resulting
from extending the Langmuir theory to binary mixtures,
Frolich and White's (2) (1930) data pertain to the
adsorption of methane and hydrogen on activated carbon
up to pressures of 150 atm. They used the dynamic ex-
perimental technique. Isotherms of the pure gases indicated
that methane was adsorbed about 2.5 times as much as hydrogen.
Working with mixtures at 250C, they observed that increasing
pressure favored the preferential adsorption of methane and
hydrogen was practically excluded at high pressures. The
amount of methane adsorbed was approximately equivalent to
that which would have been adsorbed if the gas was present
alone at a pressure equal to its partial pressure in the
mixture.
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Mixtures of carbon monoxide & oxygen and carbon dioxide
with oxygen and carbon monoxide adsorbed on precipitated silica
were studied by Markham and Benton (11)(1931) using the
dynamic method at 1 atm. Their results-show the higher
molecular weight carbon dioxide preferentially adsorbed but
in the carbon monoxide-'oxygen system carbon monoxide was
preferentially selected. These observations conformed to
the relative degrees of adsorption indicated by the isotherms
of the pure gases. In the mixtures, they observed that the
amounts of the individual components adsorbed were in some
cases greater and in others less than that corresponding to
isotherms of the pures, ;Their data show that relative
selectivity, cL, as a function of composition was fairly
uniform and that 0Lt for the carbon monoxide-oxygen system
decreased considerably as the temperature was increased from
00to 1000C. They attempted to interpret their results on
the basis of an extension of the Langmuir theory to binary
mixtures. These equations were found to correlate the data
for mixtures of carbon monoxide & oxygen fairly well but
were unsuccessful for mixtures containing carbon dioxide.
The relations will be derived here. Assumptions and nomen-
clature will be that used above in deriving the Langmuir
equation with the two components designated by subscripts
1 and 2.
Let O1 and Q2 refer to the fraction of adsorbent surface
covered by gases 1 and 2 respectively.
Then at equilibrium:
1iA 1(I-91-92) = vl' Q
(32 A 2 (~.Q 1~ 2) 2 2' 2
As explained in the previous derivation
al
1
(A45)
(A46)
aSpv ('i-lt2 ne l1y
a 2P2 -1- 2) Q2
solving simultaneously:
1 
- alp,
a2 P2
1 4- a2p2
alpl(l-Q2)
1 -t a p1
1 +alpi i a2p2
1+a 1 p+ a2P2
From previous definitions,
AN N b* N202 >bi-= -- ,b2 --
N2A
AV
!) 1
ab
N --1 1N-alpi +a 2p2
a2 b2 p2
-1 +a 1pf.a 2P2
(A.43)
S a2 
-
(A47)
(A48)
and
(A49)
(A50)
.*l klp1' j 2 -- k2 2,
Magnus (.5)(1932) whose isotherm equation has been
mentioned previously also derived equations for adsorption
of binary gas mixtures. For molecules not possessing
dipoles, the equations obtained were:
p -.----- + k "f NI + k'" N; (A51)
1k' k'2
P2 + k ''N2+ k 'NI (A52)
2 ki k'
where the kts are constants. Six of the constants for these
two equations are obtainable from the adsorption isotherm of the
pure components; the 7th constant would presumably have to
be obtained from an experimental mixture point.
Magnus and Krauss (80)(1932) studied mixtures of
acetylene & dimethyl ether at 00, 200, and 4000 and total
pressure ranging from 30 to 680 mm Hg. They employed charcoal
jas an adsorbent and used a circulating type equilibrium ap-
paratus. Although they observed that pure acetylene, ethylene
and carbon dioxide conformed to the Magnus 3 constant isotherm
equation, dimethyl ether failed to fit it. (This was ascribed
to the dipole character of dimethyl ether). Hence, the mixture
equations were not applicable to this sytem. Magnus and Krauss
also showed that upon eliminating factors for adhesive and
repulsive forces between the adsorbed molecules, their e-
quations reduce to the mixture relations of Markham and Benton.
Magnus and Krauss' results show that the higher molecular
weight dimethyl ether was more strongly adsorbed both in the
mixtures and as pure gases. In the mixture, adsorption of
each gas interfered with that of the other. It is difficult
to evaluate the effect of temperature and pressure on relative
selectivity, L-from these data since total pressure was not
held constant as composition was varied. Table AII shows some
recalculations on Magnus and Krauss' data. A decrease in
with increase in total pressure is evident but it is difficult
to see any decided change in o4 with temperature change.
No conclusions can be made regarding change in 04 with compositions.
A statistical derivation of the adsorption isotherms of
binary gas mixtures was presented by Damkohler (:5)(1933),
Assuming unimolecular adsorption on a homogeneous surface.
Simplifying his equation (19) one obtains
Nj= ---------- : (A53)
and a corresponding equation for the second component. Where
N and N2 are the number of adsorbed mols in the adsorbate;
IT3 and~N2 are the number ofrmols in the gas phase. Since partial
pressures p are related to~1gN by a constant, the equation can be
written
alp1Ni = a --- (A54)
1 fblp1 tb2P2
TABLE AII
Vapor-Adsorbate Equilibria of Mixtures
of Acetylene and Dimethyl Ether on Charcoal
Data of Magnus and Krauss (86)
(Supplementary Calculations)
1 C2H2
At '00 C
Total Pressure, mm Hg
150.
155.
203.
237.
346.
356.
391.
436.
534.
2 = (CH3 )2 0
At '40000
Rel. Sel.
33.6
Total es.,mm Hg
13.1
22.2
8.93
7.21
8.39
9.30
40.9
7.22
6.81
157.
201.
226.
234.
325.
357.
408.
475.
532.
Rel.Sel.
18.8
19.8
16.4
13.3
21.7
8.64
15.4
7.09
of the same form as the extended Langmuir equations.
Using the equations for both components and rearranging
p1
-- - - -- 
- - - - - - - -(A 5
Nit N2  alpita2p2  a2'i- (a,-a2 ) ~
p1  -
Thus for constant gas phase composition ------ = yl,p1+ P2
it is indicated that the adsorbate composition x1  g-i - -
should-be independent of total pressure. Damkohler also
concluded that it would not be possible for the y - x equilibrium
curve to cross the 450, y= x line for the case of unimolecular
adsorption; such an action would indicate multimolecular ad-
sorption. Regarding the effect of temperature on relative
selectivity, he concluded that if (Ql - Q2)>? RT, then tem-
perature increase would decrease selectivity. (Q's are the
heats of adsorption). If (Qi - Q2) ,. RT, then the influence
of temperature change must be appraised from case to case.
Damkohler (31) (1933) later investigated the adsorption
of mixtures of nitrogen & argon on silica gel using a dynamic
technique, He worked at 89.50K, 111OK, and 1630K and pressures
of 100, 250, 600 and 700 mm. It is difficult to interpret
his results because in some cases he showed reversal in
selectivity for the mixtures and some of the adsorption
isotherms crossed. He concluded that multimolecular ad-
sorption predominated and that the equations previously
derived were not applicable.
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Dohse and Mark (3() (1933), in their monograph,
again derived the extended form of the Langmuir equation
for binary mixtures in a manner similar to that of Huckel.
They presented no data for mixtures and made no attempt
to check the equations with existing data.
Krichevskii (82) (1934) presented a thermodynamic
disctssion of mixed adsorption which emphasized that in-
creassiadsorption of each gas in the mixture relative to
its pure gas isotherm was possible. A number of special
equations were derived for very dilute gas mixtures.
Uehara (i2i)(1936) studied the adsorption of mixtures
of light hydrocarbons but did not report complete composition
data. In a later paper (1939), he studied additional mixtures
of methane with ethane, propane, aid butane on charcoal.
Over the pressure range 0.5 to 60 mm, he reported the amount
of the individual components adsorbed proportional to the
partial pressure of the components, i.e., Henry's law.
Zhukovitskii (i3)(1937) attempted to adapt the Polanyi
potential theory to the adsorption of binary mixtures. The
general nature of his attack is outlined in the Discussion.
The extended forms of the Langmuir equation for mixtures
were also derived by Boutaric (1)(1937) who indicated they
were applicable to liquid mixtures as well as gas mixtures.
Wilkins (1d)(1938) treated the statistical mechanics of
the adsorption of gases at solid surfaces. He pointed out
that with suitable approximations, his complex equations
can be converted to the above cited Langmuir type mixture
relations with detailed theoretical expressions for the constants.
Using a circulating-type apparatus, Magnus and Teller (6)
(1939) studied mixed adsorption of varlous gases on silica
gel and actiyated carbon. They worked with carbon dioxide
and ethylene on activated carbon at 250 and 10000 and total
pressure of 700 mm Hg. No selectivity was observed on silica
gel. On carbon ethylene was more strongly adsorbed at 2500
but reversal in selectivity as a function of composition was
observed at 1000C. Also, binary mixtures of ethylene with
5 organic liquids at 1000C and total pressure of 700 mm Hg
(partial pressures below saturation pressures) on both ad-
sorbents were studied. The heavy vapors were preferentially
adsorbed in all cases. Binary mixtures of methyl formate
with C5H12, 05110, or (02H5)2o at 100 C and a total pressure
of 270 mm were also studied on both adsorbents. They con-
cluded that silica gel adsorbed preferentially substances
that contained an oxygen bridge atom. While on carbon the
amount adsorbed increased with the length of the carbon chain.
Thus, H00CH3 was adsorbed in preference to C5H12 on silica gel
while the reverse was true on carbon. They also concluded
that double bonds in a compound favored adsorption a little.
Their results indicate that in all cases the more strongly
adsorbed component in the mixture also showed greater ad-
sorption as a pure gas. In most cases, adsorption of the
components of the mixture were reduced relative to the ad-
sorption of the pure gases.
Magnus-and Spalt (06)(1941) studied mixed adsorption
of ethylene & amylene on activated carbon but did not work
with gases of less than 98% ethylene. Therefore, the utility
of their results is limited.
Roginskii and Todes (116) (1945) presented a paper on
the statistical theory of the adsorption of gas mixtures,
However, their relations appear to reduce to the extended
Langmuir equations. They made no attempt to apply their
results to actual data.
Separation of hydrocarbon mixtures using zeolites as
molecular sieves was reported by Barrer (16)(1945). Based
on considerations of the physical size of the gas molecules,
he discussed the difference in action of straight and branch
chain hydrocarbon in penetrating the zeolite pores. This
action is not believed to predominate in the case of the ad-
sorbents investigated in this work.
Binary mixtures of neon and hydrogen and nitrogen and
hydrogen on carbon were investigated by Lindeboom (9O) (1946).
He observed that hydrogen was adsorbed more strongly than neon
whereas nitrogen was preferentially-adsorbed over hydrogen.
This observation was in agreement with the degree of adsorption
indicated by the isotherms of the pure gases. No satisfactory
explanation of Claude's (27) rate work indicating preferential
adsorption of neon over hydrogen could be made. Some of
Lindeboom's data are replotted in Figure A2. They show that
he observed substantial decreaae in relative selectivity in
the neon-hydrogen system as temperature increased from -1920C
to -7900 at total pressure of 760 mm. This plot also shows
that o4 increased slightly as the pressure was decreased
from 760 mm to 10 mm at -1920C. The adsorption of neon
from the mixture was decreased relative to the isotherm of
the pure gas while that for hydrogen seemed at times to
be increased.
Hill (63) (1946) has recently given a theoretical treat-
ment for extending the B E T equation for use in adsorption
of mixed gases. His final equations are in a form that is
difficult to use and have not been tested on actual data.
A number of works involving mixtures of vapors at tem-
peratures not far removed from their boiling points should
be mentioned for the sake of completeness. No particular
emphasis can be put on the early data because of the questionable
nature of the experimental technique. Tryhorn and Wyatt (1d)
(1925) used a static-vapor bridge method for working with
mixtures of C2H50H 4 C066 and (CH3)2 004 C066. Jones and
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TABLE AIII
Vapor Adsorbate Equilibria of Mixtures of
Neon and Hydrogen on Activated Carbon
don mdtii n
mol fraction He amount
Data of Lindeboom
adsorbed/gm
AidruI ' d iddr,;i do.'0.6ni .
at - 1920C and 760 mm
1.00
.86
.58
.28
.20
.007
.003
1.000
.996
.963
917
.863
.674
.458
0
41.3
48.2
57.768.9
79.8
95.0
103.8
117.1
(LO)
Composit ion
mol 'raction Ne amonnt
ads/gm
Adsrba d Vaory dc@d &760mm
at - 192 0C and 10 mm
1.00
.48
.40
.06
.07
.04
.003
0
1.000
.969
.966
.880
.764
0
1.1
3.9
5.6
11.5
17.0
26.7
28.0
34.8
at -1920C and 50 mm
1.00
,63
.32
.18
.09
.02
.01
0
1.00
.984
.898
.758
.477
.231
0
at -790C and 760 mm
6.0
12 3
17.2
29.5
38.6
46.7
55.8
63.8
1.00
.62
.48
.36
.19
.06
0
1.00
.925
.862
.796
.636
.308
0
8.4
13.0
15.1
19.3
27.9
42.7
59.8
Outridge (]!)(1930) used the same method for n C4H9 0II+-CH6.
on silica gel. Rao (1I) (1932) also used a similar method
for C2H5 0H+-C6H6, C6H6Cl14., and C2H5+H20. Davis and Swearingen
(31)(1931) used a circulation technique which should have
given more reliable data. Working with C2H501HI-H 2 0 and- silica
gel at a temperature above the boiling point of C2H50H but
below that of H20, they found H20 preferentially adsorbed.
Amphoux's (6)(1944) recent data are apparently of little-
value for he obtained contradictory results with two different
experimental tecnhiques. Johnston and Wunderlich ('l)(1946)
used a technique similar to that of Davis and Swearingen,
They also found H20 preferentially adsorbed on silica gel in
the 02H50H + H20 system but encountered some apparent de-
composition of C2H-0H. Westfield (125) (1947) has also used
the circulation technique on the system eilianol isopiopanol,
and water.
Innes and Rowley (i)(1947) worked with mixtures of
CC14+-CH30H on activated carbon at 2500. They attempted to
develop methods for applying vapor phase data to adsorption
of liquid mixtures.
5. Rate of'Adoipfion:
A brief review of a preliminary literature survey on
this subject will be given here.
a. Pure gases:
McBain (O2)(1909) was apparently one of the first
to investigate the theory of adsorption rates. He dif-
ferentiated between true adsorption on the surface which
he considered nearly instantaneous and diffusion into
the pores of the adsorbent felt to be the rate controlling
process for a pure gas. In connection with the equilibrium
work mentioned previously, Bergter (L3) (1912) studied
rates of adsorption of air and nitrogen on carbon and ex-
pressed the rates with simple equations. Dissipation of
the heat of adsorption is often a difficult problem in
such measurements but apparently Bergter avoided this.
Investigators such as the above observed that ad-
sorption of a gas on an evacuated porous adsorbent was
imitially very rapid while the large fraction of the e-
quilibrium amount adsorbed was built up and then often
followed by a slow rate period. The slow phase was
generally attributed to the inaccessibility of certain
active parts of the inner surface. The picture of ad-
sorption rate on a free surface (non-porous adsorbent)
was given theoretical formulation by Langmuir (88)(1918)
as the difference between the rate at which molecules con-
dense on the surface and the rate at which they leave
the surface. Langmuirrs concept is rather widely used
today both for development of his form of the adsorption
isotherm and for correlation of reaction rate data.
b. Adsorption of one component from an inert carrier gas:
The best review of this phase of the subject can probably
be obtained by following the recent papers of Dole and Klotz
( L ) L(3)('8). Removal of an adsorbable constituent from an
inert gas may be considered to involve the following mechanism:
(1) mass transfer or diffusion of the component from the inert
gas to the exterior surface of the adsorbent granule (perhaps
through a layer of stagnant inert around the particle);
(2) transfer of the molecules being adsorbed into the pores
or along the surface of the pores of the adsorbent particle;
(3) adsorption of the molecules on the active surface of the
adsorbent. In some cases, chemical reaction at the adsorbent
surface can be a factor, but this is not pertinent to the
present discussion.
For the uniform flow of a gas stream containing an ad-
sorbable vapor through a fixed bed of adsorbent, Figure A3
indicates two interesting cases. If the rate was instantaneous
and s'electivity infinite, curve a would represent the shape
of the adsorption wave front. In an actual case, b is the
typical curve observed for vapors adsorbed from air.
Consider the fixed adsorbent bed shown below with a stream
of inert gas (uniform velocity) carrying an adsorbable vapor.
dZ
- c--- [-(c+ dc) - Ce
Z I
P
O
IN
T 
CO
NC
EN
TR
AT
IO
N 
IN
%
/o
 O
F 
IN
L 
E
r 
CO
NC
EN
TR
AT
IO
N
CO and Ce are the bed inlet and exit vapor concentrations,
respectively, while C and c+ dc are point concentrations
across a cross section, A, of infinitesimal thickness dZ.
If L is the volume rate of flow, t the time, and the rate
n'
of adsorption per unit volume is -g-, the conservation
equations give
nCLdt =*-g- (AdZ) dt+- (ct-dc) Ldt (A56)
Rearranging:
A k-n
-dc g -A- dZ (A57 )
Since C ff(Zt) (A58)
the total differential is:
dc ( ) dZ f ( )Z dt (A59)
If V is the linear velocity through the interstices between
the particles of the adsorbent and 0 is the porosity (fraction
of voids per unit gross volume of bed), then
v = -g- (A6o)
and
L VAQ (A61)
c c 1 ngiving -c- dZ -f --s- dt = - dZ (A62)
Rearranging gives:
1 l n c - (
- -- - g -v -- I- V -Y-(A3
She solution to this equation depends on an expresion for the
A n
rate -g-.
If diffusion is the rate controlling step or if the overall
rate can be considered proportional to a concentration dif-
ference, then
an Fa
- - -- ( - o*) (A64)
where F is the mass transfer coefficient, a is the superficial
surface per unit volume of granules, (' is the density of the
air gas stream, and C* is the concentration of the gas in the
air stream at a given point in the bed in equilibrium with the
adsorbent at that point. Equation (A64) can now be solved.
If the equilibrium isotherm is assumed to be linear, the
analytical result is in terms of Bessel functions. For reference
curves see Hougen and Marshall (66) and Klotz (78). Other
assumptions regarding an analytical expression for the ad-
sorption isdtherm and graphical solutions are also discussed
in these references.
For the case of adsorption or reaction on the surface as
the rate controlling step involving an irreversible process
or zero back pressure, Bohart and Adams (f)(1920) gave an
early analysis using the rate expression.
S- k C(no-n) (A65)
where no is the saturation capacity of a unit gross volume
of adsorbent and k is a constant. A similar treatment has been
carried out recently by Danby, Hinshelwood et al (3).
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The equation has apparently been widely used to interpret
and tnterpolate data on the performance of various charcoals
against toxic gases but it can hardly be expected to represent
the facts for physical adsorption. For example, Engel and
Coull (3) obtained data for chloroform air mixtures and
found they were not fitted by the Bohart-Adams treatment.
They correlated their results using an empirical method
based on the probability integral.
Wicke (_1')(i28) has been very active in this field
and has considered diffusion through the air or inert as
well as processes within the granule acting simultaneously.
When the equilibrium adsorption is linear, the equations
have been solved and have been shown to be applicable to
the experimental data for adsorption of carbon dioxide
from nitrogen as a carrier gas. For other forms of the
isotherm, the equations have not been solved.
As stated previously, none of the theoretical equations
are reported to give an entirely satisfactory correlation
of existing data. A number of semi-empirical treatments
for the gas mask case are discussed by Klotz (78).
A number of efforts have been made to isolate charac-
teristics indicating the nature of the adsorption mechanism
but none of them are very conclusive. For a given adsorbent
and set of operating conditions, rate of adsorption of one
01L8
component from an inert gas might be expected to depend on:
(1) concentration of vapor in the inert gas; (2) amount
of vapor already adsorbed by the adsorbent; (3) velocity of
bulk gas stream through the bed; and (4) adsorbent particle
size. Correlation of some of these variables has been at-
tempted with semi-empirical treatments based on analogies
to heat transfer and flow of fluids through beds of granular
solids. For mass transfer in beds of granular solids, Hougen &
Wilke (6y) obtained the following correlation for height of
a transfer unit (H.T.V.), Hd:
0.51 2/30.055 DpG,(A6
a e 5)
where a is the superficial area of the solid particles per
unit volume and Dp is the equivalent spherical diameter of
D G
the particle. - is a Reynolds number based on particle
diameter and- is the usual Schmidt group. Hougen and Marshall (66)
empirically fitted equation (A66) to the data of Ahlberg (1)
for the adsorption of water from air and obtained for HTU:
H = 1.42 G)0.51 (A
a V
Values for HTU calculated by this equation are almost four
times greater than those yielded by equation (A66). This
-approach seems to correlate the data for adsorption of chloro-
picrin but the method has not been widely tested.
Berl and Wachendorf (i4)(1 924) worked with benzene-air
mixtures on five types of carbon and silica gel and concluded
67)
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that the controlling factor was diffusion of the gas into
the fine capillaries of an individual particle. Dole and
Klotz (38)(1946) obtained a set of.data for adsorption rates
of chloropicrin and phosgene on activated charcoal and
concluded that the process was partly determined by flow
conditions and granule size and partly by surface reaction
rate. Danby, Hinshelwood et al (32) believed that the ad-
sorption of chloropicrin w&s diffusion controlled because
the adsorption rate contsants were proportional to the
square root of the flow rate,
c. Mixtures of adsorbable constituents:
The first of a series of efforts by Russian workers to
give a qualitative description of effects when mixtures of
vapors are adsorbed from a stream of inert passing through
a fixed bed of adsorbent was that of Dubinin and Yavich (1936)
(kl). This mathematical treatment was followed by some data
on mixtures of ethanol and benzene on carbon by Alekseevskii
et al (3)(1944). Further theoretical analysis of the dynamics
of the adsorption of mixtures from a carrier gas was published
by Todes (1i8)(1945). The relations obtained are complex and
not reducible to analytical form.
A study of the rate of approach to equilibrium for gas
mixtures-of oxygen, nitrogen, hydrogen and carbon dioxide was
made by Lorenz and Wiedbrauck (92) (1924). Their results
were not entirely quantitative but did indicate, for example,
that in a mixture of hydrogen and carbon dioxide, hydrogen
had the higher initial rate of adsorption. Golden and
Storch (4)(1932) and Kuliev (86)(1940) used a fixed bed
of carbon for purifying methane from higher molecular
weight homologs. Kuliev attempted to study the effect of'
bed height, gas velocity, and other variables but his
measurements were not extensive enough to permit quantitative
deductions. Recently, Wicke (129)(1947) has published some
material on mixtures such as propane-propylene in air as
a carrier gas. However, his conclusions appear to be no
more than qualitative.
A great deal of work in the liquid phase applications
of adsorption separations such as chromatography have relation
to the rate question. Krenkler (8i)and Mair (98)have been
especially active in this field for liquid hydrocarbon mixtures.
These fixed bed studies involving mixtures of adsorbable
components do involve exchange'adsorption but no adequate
mathematical treatment has yet been encountered.
L'"ipanio6xof Procedure
The procedures outlined in the main body of the report
are presented here in greater detail,
A. Equilibrium Studies
1. dirculating Apparatus
Refer to Figures 3, 4, and 5 of the Procedure. The ap-
paratus was of an all pyrex glass construction employing glass
to glass seals and mercury seal or Keyes type stopcocks in
sections subjected to high vacuum. Mercury used as the con-
fining fluid in all gas measuring burets, reservoirs, and man-
ometers was freshly distilbd and water free. In the gas
analysis buret, mercury was used as the confining fluid with
a drop of water on its surface to insure saturation of the
gases measured.
The adsorption section of the apparatus consisted of a
100 cc dry gas measuring buret communicated with a gas inlet
sampling cock on the right and a 350cc reservoir desorption
pump, E, on the left. Reservoir E was connected through the
mercury seal stopcock F to the adsrption U-tube. The U-tube
containing the adsorbent was fitted into the system with
ground glass ball and socket joints. Provision was made
for surrounding the U-tube with a boiling ethylene glycol-
water bath fitted with a reflux condenser; when making a
run this was replaced with a constant temperature water bath.
On the left of the U-tube, a mercury manometer was fitted
into a T in the line; a fixed reference mark on the manometer
corresponded to the measured apparatus dead space and the
zero reading on the manometer scale. One arm of the mercury
seal stopcock A lead to a McLeod gage and a Cenco Hyvac
Pump; the other arm to the mercury circulating pump BC.
The pump was constructed of a 2 ft. length of 2mm ID capillary
tubing sealed into the bulbs B and C at either end. In
bulb B, a capillary drop forming tip was centered over the
capillary bore; this tip was fed from a mercury reservoir.
At C, a mercury-gas separating bulb of about 50cc volume
allowed the mercury to overflow through a seal into a
collecting container while the gas passed through the
recycle line into Reservoir E at -the tip D. This- return
line was directed down on the mercury surface in E in order
to insure thorough mixing and the absence of gas pockets.
A barostat connected to the normally atmospheric leg of
the manometer provided for operation at 760 mm; this device
also permitted operation at pressures other than 1 atm.
Adsorption chamber dead space was defined by the stop-
cocks A and F and the fixed reference mark corresponding to
the zero reading on the manometer scale. Since every effort
was made to keep dead volume as small as possible, tubing
except for the U-tube was of capillary bore. In the U-tube
itself small plugs of glass wool were inserted just over the
adsorbent sample to prevent dusting and blowing overcf the solid.
The void volume above the adsorbent sample to the spherical
joint was partially filled with solid glass rod. To prevent
melting out the grease on the U-tube spherical joints when
degassing, about 4-6 inches of clearance was left above
the stopper on the boiling glycol bath. In addition,
the principle parts of the apparatus were shielded from
the heat of the glycol bath by asbestos cloth.
To the right of the initial gas inlet, the wet mercury
gas analysis buret was sealed into the apparatus together with
the gas analysis manifold leading to the appropriate absorption
pipettes. This arrangement permitted direct transfer of gas
samples from the adsorption section to the analysis section
of the apparatus. Great care was taken to see that only
dry gases were admitted to the adsorption section of the ap-
paratus on the left of the gas inlet stopcock while the
analytical section worked with gases saturated with water
vapor.
Gas measuring and analytical burets were of 100cc capacity
graduated directly to 0.1c with Bureau of Standards etch
to eliminate parallax errors. The burets were calibrated
with the zero.point at the furthermost tip of the upper stop-
cock bore so that there were no dead capillary sections in
transferring the gases to the apparatus. Buret calibrations
were checked with mercury.
In preparing for the determination of an adsorption
isotherm, a deadspace determination, or an equilibrium
mixture run, the weighed adsorbent sample was degassed and
prepared as described below. The mercury pump was com-
pletely filled with mercury by raising the mereury overflow
reservoir and controlling the flow of mercury by a hosecock
on the rubber tubing leading to C. In this manner, the pump
capillary, bulb B, the bore of stopcock A, and the line CD
were filled with mercury and the stopcock at D was closed.
Reservoir E was then filled with mercury including the bore
of stopcock F and the capillary line between F and the gas
measuring buret. Lastly, the gas measuring buret, the bores
of its stopcocks and the capillary line to the gas inlet
were filled with mercury. Thus all parts of the apparatus
involved in quantitative gas volume measurements were
purged of gaseous constituents by filling with mercury,
with the exception of the dead space, which was thoroughly
evacuated. The apparatus was then ready to receive a gas
sample.
Prior to taking all gas samples, the capillary line
from the gas cylinder was purged by letting some gas pass
through the gas inlet stopcock, and the gas analysis manifold
to the atmosphere. The gas sample was then taken into the
gas measuring buret and its volume measured under prevailing
atmospheric pressure and buret water jacket temperature;
these latter items were recorded simultaneously with the
volumetric reading. The gas measuring buret was equipped
witha compensator tube which was used in dead space and
isotherm determinations to provide for slight changes in
barometer and buret temperature since the initial volumetric
reading.
In dead space and adsorption isotherm determinations,
successive increments of gas were transferred from the gas
measuring buret first to the Reservoir E and then to the
adsorption chamber. The adsorption U-tube had been immersed
previously in a constant temperature bath for a sufficient
time to insure attainment of thermal equilibrium. After
each increment of gas was added to the adsorption chamber,
the mercury level in the manometer was adjusted to the dead
space mark and the manometer reading taken. Any gas remaining
in Reservoir E and the capillary line connecting with the
gas measuring buret was returned to the buret by displacement
with mercury and the new buret reading was noted. For dead
space measurements, about 2-3 readings betwenn 500 and 760 mm
pressure were taken. About 10 points between 0 and 760 mm were
taken in building up the adsorption isotherm of a pure gas;.
5 or 6 points were usually taken for the desorption curve.
Desorption points were obtained by using Reservoir E as a
desorption pump and thus transferring increments of gas back
to the gas measuring buret; corresponding volumes and adsorption
chamber pressures were measured. For all adsorption and
desorption points, time was allowed for attainment of
equilibrium as evidenced by no change in pressure reading
over a 4-5 minute interval.
In the equilibrium mixture runs, the pure gases were
measured individually in the gas measuring buret at pre-
vailing measured barometer and buret temperature. The
gases were then transferred to Reservoir E and thence'to
the adsorption chamber surrounded by the constant temperature
bath. In some runs, however, in order to check on the
approach to equilibrium, one component of the mixture
was admitted to the adsorbent first and allowed to stand
for 15-30 minutes before admitting the other components.
The mercury was then lowered out of the pump and circulating
lines and pumping action was started -by admitting mercury
from a reservoir to the drop forming tip B. Flow of mercury
to the pump' regulated by a screw clamp on the reservoir
tubing connection, was set to give good mercury slug formation
and pumping action in the capillary tube. After the barostat
was adjusted to correct for variation of prevei1ing barometer
from 760 mm, the adsorption chamber manometer level was set
to the zero of the dead space mark and pressure in the system
was brought to 760 mm by adjustment of the mercury leVel in
Reservoir E.
After an hour of gas circulation, the pump and lines
were again filled with mercury. By raising the mercury over-
flow leveling bulb and using hosecocks simultaneously on
this line and that of Reservoir E, mercury was admitted to
the pump and lines and removed from Reservoir E at rates that
kept the pressure in the system constant (as indicated by
the manometer). The unadsorbed gas (exclusive of dead
space) was then transferred from Reservoir E to the gas
measuring buret; the capillary line between E and the buret
was filled with mercury as it was at the start of the run.
After recording the unadsorbed gas volvMe, barometer, and
buret temperature, a sample of the gas was transferred to
the gas analysis buret .(after first purging the connecting
line leading to the gas analysis buret).
Reservoir E was used as a desorption pump in some runs
to check the amount and composition of the gas adsorbed plus
that in the dead space. About 6-8 desorption pump passes
were made and the successive increments of gas desorbed
were transferred to the gas measuring buret for volumetric
measurement. In taking a gas analysis sample of this
material, care was taken to purge a minimum of the sample
through the connecting lines; this precaution was followed
to minimize the error in not analyzing the entire desorbed.
volume (it was not uniform in.composition throughout).
In all runs precautions were taken to eliminate leaks.
Stopcocks were frequently regreased and tested; glass seals
were checked with a spark coil; and the apparatus was fre-
quently let stand overnight under vacuum to test for leaks.
As an additional check, the Orsat apparatus was provided with
an alkaline pyrogallol pipette to check for oxygen.
2. Reverse Pass Apparatus
Refer to Figure 6 and photos 7 and 8. The gas inlet 1,
gas measuring buret 6, and the gas analytical set up were
the same as that for the apparatus described above. Gas
measuring buret 6 was connected through stopcock 8 to the
combination premix reservoir and desorption pump 9. The
left arm of stopcock 8 was connected through an adsorption
chamber U-tube of the same construction as the previous
apparatus and thence to a 250cc reservoir-manometer 16, 17.
Manometer 17 was provided with a barostat 18 to provide for
maintaining 760mm in the system. To the left, the apparatus
was connected through a vacuum stopcock to a McLeod gage
and a Cenco Hyvac pump. Mercury was again used as the
confining fluid in all reservoirs, burets, and manometers,
In preparing for the determination of adsorption isotherms,
dead space determinations, or a mixture run, the weighed
adsorbent sample was degassed and treated as detailed later.
Reservoir 9, gas measuring buret 6, and all connecting
capillary lines had been filled with mercury. The space
above the mercury in Reservoir 16 was evacuated at the time
of degassing the adsorbent. Dead space for this apparatus
was defined by the stopcocks 8 and 2c and by the reference
mark above Reservoir 16 corresponding to zero on the
manometer scale. Gas samples were measured into this
apparatus and dead space and adsorption isotherm.measure-
ments were made in a manner analogous to that previously
described.
In equilibrium mixture runs, the pure gases were
transferred to the premix Reservoir 9 where they were
mixed with the magnet washer device 10, 11 for 15 minutes
before being admitted to the adsorption U-tube. As desebibed
previously, in some runs, to check on approach to equilibrium,
one component of the mixture was admitted to the adsorbent
first and allowed to stand 15-30 minutes before admitting
the other components. The balance of the gas was then
passed through the adsorbent U-tube by admitting mercury
to the premix Reservoir 9 and letting mercury out of the
reservoir-manometer 16, 17 at such a rate that the mercury
level in Reservoir 16 matched the level in its manometer
leg 17. Matching of these 2 levels. was done by eye while
the mercury flow was hand regulated by 2 hosecocks on the
mercury leveling bulb tubing 7. Twenty such passes back
and forth through the U-tube were ordinarily made in about
1 hour. After each pass, the gases in the reservoir were
mixed for 2 minutes with the washer-magnet devices 10, 11.
Gas remaining unadsorbed, except that occupying dead space,
was transferred to the gas measuring buret 6 for volume deter-
mination and thence to gas analysis in the conventional
manner. As described previously, the desorption pump 9
was used in some runs to determine the amount and com-
position of the gas adsorbed plus that in the dead space.
3. High'Pressueiparatus
Details of the procedure for this apparatus, may be
found in the thesis of R. D. Maher (9W).
4. :612aaton'f heAdsorben
In addition to the material presented in the main body
of the report, the following details are included on the
manner of flushing the adsorbent with the gases to be
investigated. When working with a single component, the
adsorbent was treated with 3 successive portions of the
gas to be investigated. The first portion was admitted to
the evacuated adsorbent, let stand 15-30 minutes, and fol-
lowed by a 15-minute evacuation at room temperature. This
procedure was repeated a total of 3 times and followed by
the usual 1 1/4 hours degassing process. When preparing
the adsorbent for work on gas mixtures, flushing was
done in the same manner with gas mixtures.
5. MiodsofdGas Aais
a Orsat technique: The gas analysis buret was
directly connected to the adsorption section of the ap-
paratus to enable direct transfer of gas samples. After
taking a gas sample, the gas analysis manifold was purged
with air to insure the presence of inerts only. Olefins
were absorbed by a 22% sulfuric acid-mercuric sulfate
reagent prepared according to Francis and Lukasiewicz (1);
this reagent was used for ethylene, propylene, and butene-1.
Propylene in the presence of ethylene was absorbed in 85%
sulfuric acid according to the method of Matuszak (ld).
For the analysis of 3 component mixtures of ethylene,
propylene, and propane, the gas was first passed into 85%
sulfuric to absorb propylene, then to the 22% acid to
remove the ethylene. Propane was determined by difference.
A correction factor for the amount of ethylene consumed
in the 85% acid was determined by experiments with synthetic
3 component mixtures. It was found that reproducibility
could be obtained by leaving the gas in contact with the
85% acid wetted wall pipette for 2 minutes per pass. The
correction for ethylene determined using this technique
was found to be between 0.02 cc/pass for a low ethylene
concentration to 0.04 cc/pass for a high concentration of
ethylene. See the analysis of synthetic mixtures presented
in Table AIV. When working with samples containing less than
TABLE AIV
Analysis of Synthetic Three-Component Mixtures
of Ethylene, Propylene, and Propane
Compositions in Mol Percent
Sample '6
Prepared* Observed
30.2 30.2
32.3
37.5
32.0
37.8
100.0 100.0
Sample 7
Prepared Observed
11.9
64.5
-23 :6
100.0
11.9
63.5
100.0
Sample '8
Preparec Observed
12.4
65.3
-22.3
12.4
64.9
-22.7 
-'
100.0 100.0
Sample 9
Prepared Observ.
11..0
61.1
11.0
60.7
-27.9 28:3
100.0 100.0
C2H4 Correc
Factor, cc/p
tion
0.03 0.04 0.04
ass
*Synthetic mixture composition corrected for impurities
in original components.. See section on materials used.
15-20cc of inert (i.e. paraffin), it was necessary to add
a measured amount of air initially to provide this minimum
volume to assure adequate gas contact in the absorption
pipettes,
Burrell wetted wall type pipettes were used for the
22% and 85% sulfuric acid reagents. A Burrell auto bubbler
was employed for the alkaline pyrogallol reagent (122);
this reagent was used to check for the presence of oxygen
in samples where air was not purposely added. In all
satisfactory -runs, the diminution in volume after passing
through Pyro was only 0.3 to 0.6 cc; this was considered
as representative of no leaks into the system.
b. Vapor Density Technique: in using this method
of analysis, the reverse pass type apparatus was modified
as indicated in Figure A-4 (108). A vapor density bulb
connection was substituted for the gas analysis buret
used in other runs. In addition, a supplementary vacuum
line was attached to provide for evacuating the vapor
density bulb as well as the capillary line up to stopcock 3.
After evacuation of the bulb and connecting lines, the sample
of approximately 90 cc was taken from the gas measuring
buret at prevailing barometric pressure. The volume of the
vapor density bulb had been previously determined by
weighing full of water. From the weight of the known volume
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of gas mixture and with appropriate gas law corrections,
the composition of the mixture could be calculated.
6- Materials Used
a, Adsorbents
Silica Gel, Davison Chemical Corp.
Refrigeration grade, 14/20 mesh
Activated Carbon Pittsburgh Coke & Chemical Co.
Type A 366c, 28/60 mesh, Ref. No. Ey-51-C
A coal base material.
Columbia Activated Carbon, Carbide & Cerbon Chemicals Corp.
Grade G, 8/14 mesh. A coconut shell base material.
b. Gases
For analyses to check purity specifications see Table -AV.
Gases were procured from the following zources:
The Matheson Co., East Rutherford, N.J.
The Ohio Chemical & Mfg. Co., New York, N.Y.
Phillips Petroleum-Co., Special Products Division
Bertlesville, Okla.
Ges Source Purity Specification
Methane Matheson 99.0%
Ethylene Ohio 99.5% Principal im-
purity assumed to
be CH 8 . See
purity checks.
Ethane Phillips 99.69±0.oo% Research grade
incl. less than
0.1% C2H1 as determined by mass
spectrometer. Most probable
impurities were C31g and C3H6.
Propylene Matheson 99.0% Principal impurity
assumed to be C3H8
See purity checks.
Gas
Propane
Isobutane
Butene-1
Source
Matheson
Phillips
Phillips
Butadiene- 1,3 Phillips
Helium
Purity Specification'
99.9%
99.88±0.06%, Research Grade,
as determined from freezing
point. Most probably im-
purity was n C4H 10.
Not less than 99%, Pure Grade.
Principal impurities were
iC4H10 and small amounts of
nC4H10 and C4H8 -2. Isobu-
tylene not known to be present
See purity checks.
99.72± 0.06%, Research Grade,
as determined from freezing
point.Most probably impurities
are CkH8-1 and C4H8-2
98. 0%1,Matheson
7. Miscellineous 'irocedure
a, McLeod Gage Details:
Private communication from W. H. Tucker
Gage A
1. Low Pressure Scale
h2a
V
where h =measured difference in mercury levels
a 0,0008 cc/mm of capillary length
(2.2444 gm mercury for 206 mm of capillar
V= 270.cc the volume of the bulb and the
capillary tube cap.
Gas
:3o
CtH6
C H6
3 6
cc
Sample # Air Added
17.35
B 19-75
A Tank#1 19.70
B "t 14.62
C " 25.60
D " 26.20
2 Tank#2 22.40
3 " 23.15
17.42
cc
Air Olefin
51.50
69.80
54.52
52.15
8o.40
79. 'o
99.65
96.45
92.48
cc cc
Olefin Inert $inert %lef.n
34.15
50.05
34.82
37.53
53.40
77.25
73.0
75.06
0.15
0.15
0.30
0.38
0.55
0.60
0.80
0.65
0.48
0.4
0.3
0.9
1.0
1.0
1.1
1.0
0.9
0.6
99.6
99.7
99.1
99.0
99.0
98.9
99.0
99.1
99.4
0.15 0.3 99.7
TABLE AV
Data on Gas Purity Checks
0E4H8-
79..65 56.25
2. High Pressure Scale
Zero point between large and small bulb
Vsh
Where Vs volume of small bulb and cap
0.7716 cc (10 .452 gm mercury)
V volume of large bulb
269.23 cc
b. Thermometer Calibrations:
Three thermometers calibrated to ± 0.10C (see Trble AVI)
were used as standards throughout the laboratory. All other
thermometers were checked against these for appropriate cor-
rections before using.
B. Rate of Exchange Adsorption
Preliminary investigations of rate of exchange were made
using the reverse pass equilibrium apparatus already described.
The procedure involved allowing one pure gas to adsorb on
the solid sample first. A second pure constituent was then
passed over the adsorbent in the conventional manner and the
exit gas was analyzed.
A more detailed study of rate of exchange in a fixed bed
was undertaken using ethylene and ethane and their mixtures.
TABLE AVI
Thermometer Calibrations
Private communication from R. L. Hatch
True Obs erved +Error
Observed Temp. Error
Ther. #1:
27.600c -0.100C
24.80 
-0.25
20.20 -0.15
15.50 -0.20
10.80 -0.15
5.30 -0.15
0.00 0.00
Ther. #2:
27.5500 -0.050C
24.75 -0.20
20.20 
-0.15
15.50 -0.20
5.35 -0.20
0.18 -0.18
Ther. #4:
27.500C -0.050C
24.70 
-0.15
15.45 -0.15
20.15 
-0.05
10.70 -0.05
5.30 -0.15
Calibrations (except ice point) made by comparison with
copper-constantan thermocouple, using Leeds & Northrup Voltmeter
#675379. Thermocouple calibration supplied by MIT Heat Measurements
Lab. True temperatures, when calculated to nearest 0.100, will
have maximum error of : 0.loC.
1. Fixed Bed Unit:
A schematic diagram of the apparatus used is shown
in Figure A5. A complete description may be obtained
from the thesis of Manz (4).
The adsorbent bed, 2.2 cm in diameter and 22 cm high,
was fitted with an inlet gas capillary flow meter. Gas
sampling bulbs on the exit flow line were arranged to take
samples at specified time intervals. Exit gas flow rate
was observed by means of water displacement from a calibrated
glass bottle ( not shown in Figure A5).
For the early runs, gas sample bulbs were initially
filled with air in the horizontal positions shown in Figure A5.
Later, air in the sampling bulbs was eliminated by initially
filling with a saturated salt solution and using a displacement
technique to take gas samples.
When feeding a gas mixture, air was initially present
in the apparatus bed and hence the first gas sample was
considerably diluted with inert. In the stripping runs,
the gas admitted to the adsorbent first displaced all the
diluent air and eliminated the above complication,
Gas analyses were carried out in the conventional manner
previously described.
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2. Moving Bed Unit
A complete description of this apparatus may be found
in Gould's thesis (5) but a brief outline is given here.
The countercurrent adsorption tower designed to operate
at total reflux is shown in Figure A6. The tower consisted
of a 3-ft. length of 15mm glass tubing fitted with two 12-liter
glass flasks for reservoirs and suitable provisions for
taking gas samples.
About 15 pounds of 14-20 mesh silica gel was placed in
the upper reservor A (removed from the apparatus) and the
adsorbent was degassed for about 2 hours with a Cenco Megavac
pump. The flask containing the adsorbent was immersed in water
at about 80-900C during the outgassing. After cooling, the
adsorbent was saturated with a gas mixture of known composition
previously prepared in a standard gas cylinder.
After replacing the solid reservoir, the air filled tower
and lower reservoir were evacuated before starting the solid
flow. As soon as solid flow was started, steam was admitted
to the lower reservoir. The first set of evacuated sampling
bulbs was then cut in. After about half the solid had passed
through the unit, the second set of gas sampling bulbs were
inserted and the first set were removed for analysis.
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Adsorption"Tower
A. Solid Reservoir.
B. Adsorption measurement section -- three
feet between side arms.
C. Stripping section.
D. Solid collection.
E. Orifice to control the solid flow rate.
F. Solid sample tubes.
G. Solid sample mechanism.
H. Gas sample bulbs.
I. Steam jacket.
J. Mercury manometer to give pressure in
lower section of tower.
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Gas analyses were made with the same reagents used
for the equilibrium work. Some question did arise because
Gouldvs thesis specified that he made up his alkaline
pyrogallol rcagent for oxygen with 40cc of 85% sulfuric
anid rather than a corresponding amount of water for
dissolving the pyrogall.ic acid. However, mixing such a
solution with the concentrated KOH used would have caused
a violent reaction and it is doubted that Gould ever
actually did this.
Davison Silica gel, rerrigeration grade, 14-20 mesh,
was used for all of current rate studies.
C. 5uNmarizd 'Da'and. 'diduiatsn
1. Adsorvfton IIstheinrms
Only the writer's original data are presented in
this section (Tables AVII to AIX). The data for.the
balance of the material discussed may be found in
the following theses.
Hydrocarbon
Low Pressure Data
Ethane, propane
Butene-1, isobutane
Methane
Ethylene, ethane,
propylene
Methane
Butene-1
High Pressure dat
Ethylene, propane
Ethylene, ethane
High Temperature Data
Adsorbent
PCC Carbon
Columbia G Carbon
it II 13
Silica.Gel,
I "t
Columbia G Carbon
Silica Gel
Reference
Pasher (108)
Hamm (67
Friedman (51)
Telesca (i
Friedman
Hamm (59)
Maher (97)
"t
Ethylene, propane
Ethylene, propane,
Butene-1
PCC Carbon
Silica Gel
Robb (li5)
i
For the data and calculations for the high pressure
data, (Figures 28 and 33) Langmuir and BET plots, see Maher's
thesis (97) Tables AVII and AVIII.
Data and calculations for the Langmuir, BET, and Jura-
Harkins plots are given in Table AX to AXIII. Generalized
isotherm correlations are summarized in Table AXIV to AXXII.
2. Gas'Mixtures
The writer ts original data for the binary mixtures
ethylene-propane on PCC carbon; ethylene-propylene, ethylene-
propane, and propane-propylene on Columbia G carbon are
given here in detail. Also, the writer ts data for the
ternary mixtures are presented. (Tables AXXIII to AXXVIII).
The original data for other binary mixtures included in
this thesis are included in the following references:
Mixture Total Adsorbent Reference
Pressure
_ _ _ _ e~~tm _ _ __ _ _
Ethane-propane
Isobutane-butene-1
Methane-ethylene
Ethylene-ethane
Ethylene-propane
Methane-ethylene
Ethylene-ethane
Ethane-propane
Isobutane-butene-1
1.
1.
1.
1.
2:25,740
1.
2.55,7.85,19.2
1.
1.
FCC carbon Pasher (108)
Hamm (59)
Columbia G carbon Friedman (51)
Telesca (117)
Maher (97)
Silica Gel Friedman (51)
Maher (97)
Pasher (108)
"1 Hamm (59)
Calculations for the Raoult's law equilibrium diagram are
presented in Table AXXIX. Tables AXXX to AXXXIII give the
calculations for test of the relation 1 - 1.0 for both
N'
34g.
binary and ternary mixtures. Coordinates for Figure 67
for the 15 vs 2- plot for high pressure data may be found
NJ N2
in the thesis of Maher (9) Table AIX.
Table AXXXIV gives the coordinates for the c. vs
total pressure type correlation. Calculations of the x-y
equilibrium curve from one experimental pointruse 0_ as
a constant are given in Table AXXXV. A review of the rate
data of Manz is given in~Table AXXXVI.
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TABLE AVII
Summarized Data for Propane Isotherm on Columbia G Carbon
25.000 (cf. Table XI)
Sample G-3 wgt. 0.8443 gm Dead Space Vol. 6.16cc
Uncorrected Barometer 767.5mm Correction -2.9mm
Buret T 296.90K
Manometer Rd6-
mm Vac
76r7.5
714.5
607.0
5 o4.5
321.0.
214.0
114.5
15.0
-180.0
-233.0
1.0
316.5
504.5
710.0
Buret Rdgcc
99.90
50.20
28.70
20.65
12.65
9.30
6.75
4.55
26.60 (25.90cc Additional
gas added)
25.65 (remaining gas discarded)
Desorption
Sample G-4 wgt. 0.8217 gm
Uncorrected Barometer 776.1
Buret T 295.90K
Manometer Rd.
mm Vac.
776.1
681.0
575.5
391.5
208.5
5.0
4.10
11-50
18.30
38.35
Dead Space Vol. 6.08cc
Correction -2.8mm
Buret Rdg.cc
99.30
36.95
25.45
16.25
10.85
6.40
TABLE AVIII
Summarized Data for Ethylene Isotherm on Silica Gel
25.000 (cf. Table XIII)
Sample wgt 1.718 gm
Uncorrected Barometer
Buret
Dead Space Vol
771.2mm Cor
T 3040K
9.00cc
rection
Manomet er -dg.
mm Vac.
771.2
715.5
558.5
265.5
9.5
Bur Rdg,cc
74.55
67.60
54.20
36.4o
23.85
Desorption
-3.7mm
433.5
663.5
45,70
62.40
TABLE AIX
Summarized Data for Isobutane Isotherm on Silica Gel
25.00 (cf. Table xv)
Sample wgt 1.718 gm
Uncorrected Be.rometer
Buret T
Manometer Rdg.
mm Vac
768 .0
752.5
705.0
611.5
502.5
352.0
160.0
7.0
Dead Space Vol 9.00cc
768.0mm Correction
302.9 0K
Buret Rdgcc
99.65
90-50
75-30
55.15
37.80
19.20
0 (19.75 cc added)
6.35
Desorption
301.0
512.5
618.o
32.10
56.80
74.10
-3.7mm
TABLE AX
Data and Calculations for Langmuir, BE.T.,
in Figures 24, 30 and 34
PCC Carbon, 25C
Mmolads
1
p m Hg N - m p
1 10,
N NIT _ -_)_
and Jura-Harkins Plots
1
Ethane ps
8o.o
27.0
14.4
7.81
5.56
4.35
3.21
2.50
1.95
1.67
1.33
5.99
2.63
1.60
1.08
.862
-741
.617
-550
.486
453
.415
41. atm
1.93
.844
.515
.349
.278
-240
.200
.178
158
.148
-136
Propane ps 9.25 atm
12.5
37.0
69.5
128.0
18o.0
230.0
312.0
399.5
512.5917.5
751.5
4.0
19.5
44.5
T8.5
149.0
50.5
586. 569.o
1687.0812.0
3.32
1.50
0.848
.595
.441
.364
.314
.306
.300
.294
4.73
2.14
1.21
856
.641
. 538
.490
.486
.481
.472
.473
0.167
.381
.625
.925
1.16
1.35
1.62
1.82
2.06
2.21
2.41
250
51.3
22.5
12.7
6.71
3.64
1.32
1.71
1.49
1.46
1.23
35.8
6.90
2.56
1.17
.742
.549
.380
.302
* 230
.205
.172
0.301
.667
1.18
1.68
2.27
2.75
3.15
3.19
3.40
10.5
2.25
0.719
.194
.132
.101
0.0983
.0934
.0900
.0862
-
TBLE AX
Cont'd)
PCC Carbon, 250C
M mol ads 1
N -~~~~g ~ xl 3
Butene-1, Ps
2.51
3.02
3.22
3.36
3.46
3.55
3.65
3.72
3.78
3.83
14.3
6.01
4.00
3.10
2.54
2.12
1.84
1.60
1.44
1.34
1 104
43 psia
0.398
.331
.311
.298
.289
.282
.274
.269
.265
.261
1.85
1.62
1.58
1.57
1.58
1.61
1.64
1.69
1.73
1.78
Isobutane, ps
400.
42.6
14.2
7.07
5.56
3.61
2.94
2.32
2.02
1.80
1.58
1.41
1.34
p rm Hg
70.0
166.5
250.0
323.0
393.5
471.0
543.0
626.0
692.0
748.5
1
0.158
.110
.0967
.0888
.0833
.0792
.0750
.0722
-0700
.0680
50 psia
2.5
23.5
70.5
141.5
18o.o
277.5
340.0
432.0
495.0
555.0
634.0
710.0
747.0
0.312
1.46
2.27
2.59
2.72
2.91
2.99
3.06
3.13
3.18
3.25
3.31
3.33
3.21
0.685
.441
.386
.368
.344
.335
.327
.320
.314
.308
.302
.300
12.4
2.68
1.76
1.58
1.53
1.49
1.49
1.52
1.53
1.55
1.58
1.62
1.64
10.3
0.469
.194
.149
-135
.118
.112
.107
-102
-0983
.0948
.0910
.0900
TABLE AXI
Data dnd Calculations for Langmuir and BET Plots
in Figures 26 and 31
Columbia G Carbon, 25.000
Methane
1x,10
Run
32.8,
13.88
8.14
4.22
2.63
1.825
M mol ads
1
0.066 15.17
.180 5.56
.292 3.43
.507 1.970
.731 1.369
.949 1.054
Run 2
4.98
1.550
1.324
1.698
1.430
0.435
1.03
1.13
0.987
1.10
2.30
.971
.885
1.012
-.909
*Using a revised sample weight of 0.954 gm instead of 1.011 gm
reported by Friedman (51). correction factor is based on
Friedman's ethylene is'3herm adsorption value of 3.38 L"NOQ2-
at 760mm vs. 3.58 LI-mol as the accepted value for this carbon.gm
Ethylene
1
px 1Q
3
21.7
6.69
3.75
2.90
2.24
1.588
1.320
ps 66.0 atm (extrapolated)
M mol 1 104
1.04 .962
1.86 .538
2.39 .418
2.66 .376
2.95 .339
3.36 .298
3.57 .280
.1917
.1075
.0838
.0754
.0681
.0601
.0566
mm
-PHg
30.5
72.0
123.0
237.0
381.0
547.5
201.0
645.0
755.0
589.0
699.5
mm
P ,Hg,.
46.0
149.5
266.5
345.0
445.5
629.5
757.0
355
TABLE AXI (Cont'd)
Ethane ps 41.atm
P m Hg ,x ,1as 1 104
__ _ _ 
___ _ _ 
gin_ x_ _ __10_1_"_,
23.5
79.0
146.5
240.5
373.5
500.0
617.5
761.5
42,6-
12.66
6.83
4.16
2.68
2.00
1.620
1.313
o.888
1.63
2.14
2.60
3.07It112
3.66
3.90
1.127
.614
.467
.385
.326
.293
.273
.257
.362
.1975
.1507
.1247
.1059
.0956
.0895
.0846
*Using a revised sample weight of 0.834 gn instead of
-0.863 gm reported by Telesca (117). Correction factor
is based on comparison of C2H4-C I6mixture data of Telesca
and the writer.
Propylene
2.56
3.28
4.08
4.70
4.86
5.03
pS 11.3 atm
.391
.305
.245
.213
.206
.1988
.459
.370
.293
.263
.258
.254
Ps 9.25 atm
Sample G-3
53.0
160.0
262.0
445.0
551.5
650.5
749.5
942.0
995.0
Sample G- 4
95.0
200.0
383.0
565.5
768.5
18.88
6.25
3.82
2.25
1.847
1.538
1.334
1.062
1.005
10.53
5.00
2.61
1.768
1.318
2.46
3.50
3.85
4.18
4.30
4.40
4.47
4.57
4.60
Adsorption
3.20
3.76
4.17
4.37
4.53
53.5
100.0
220.5
481.0
601.0
761.5
18.69
10.0
4.54
2.08
1.663
1.312
Propane
.407
.286
.260
.239
.232
.227
.224
.219
.217
.313
.266
.240
.229
.221
.584
.416
.384
.363
-358
.356
.357
.360
.360
.452
.390
.361
.354
.353
TABLE AXII
Data and Calculations for Langmuir, BET, and Jura-Harkins Plots
in Figures 27, 32 and 35
P -mm ,Hg
Silica Gel, 25.0 0C
Mmolads 1. 1 -
gui p N_____
Methane
180.5
285.5
404.5
529.5
678.o
766.0
0.0295
.0460
.0629-
.0844
. 108
.122
5.54
3.50
2.47
1.89
1.48
1.31
33.9
21.8
15.9
11.9
9.26
8.20
1150
474
252
140
85.667.0
*Using revised sample weights based on C24 isotherm control value
0.922 Mmi30 vb. 0.998 the accepted value. 1st sample 2.845 gm
gmi
instead of 3.081 gm, 2nd sample 7.095 gm instead of 7.672 gm
reported by Friedman (51).
Ethylene
55.5
211.5
503.5
758.0
0.150
.425
-766
.993
44.4
5.52
1.70
1.01
Butene-1,
25.0
12.7
7.5
4.4
3.2
2.4
2.0
1.6
1.4
1.3
Isobutane,
0.217
.574
1.04
1.43
1.84
2.25
2.53
64.5
16.0
6.4
3.7
2.4
1. 65
1.32
ps 43. psia
0.918
.680.
3 .553
7 .457
1 .407
6 .373
1 .350
4 .326
6 .314
4 .305
Ps 50. psia
4.61
1.74
4 o.962
9 .700
2 .544
.445
.395
1.09
1.47
1.81
2.19
2.46
2.68
2.86
3.07
3.19
3.28
4o.o
79
133
224
312
407
497
609
685
749
15.5
62.5
155.5
264.0
414.0
605.0
757.5
4.21
3.18
2.65
2.29
2.13
2.06
2.03
2.02
2.05
2.07
18.0
6.93
3.97
3.02
2.51
2.05
2.16
o.841
.462
.305
.208
.165
.139
.122
.106
.0981
.0928
21.2
3.04
0.923
.490
.296
.198
.156
TABLE AXIII
Data and Calculations for Langmuir Plots -- High Temperature
Isotherms in Figure 29
Ethylene
PCC Carbon Sample
@ 22100
M moi adts
0.0390
.0795
0.115
0.143
10.21 gm
Adsorption
mm -Hg
182.1
381.3
554.6
728.8
Dead Space
25.7
12.58
8.97
6.99
,x-10
5.49,
2.63
1.801
1.372
Desorption
.0967
.0563
.0285
478.9
262.8
137.3
10.34
17.78
35.1
2440C C samp.1O.21 gm Dead Space
Adsorption
.0276
.0619
.0972
.111
172.4
398.3
645.1
745.4
36.2
16.17
10.29
9.01
2.09
3.80
7.28
27.5 cc
5.80
2.51
1.55
1.343
Desorption
8 428.2 1
4 221.2 2
3 113.7 5
P..b a e
PCC Carbon sample
Adsorption
5 66.5 1
321.3
583.1
745.3
4.97
8.3
4 .7
10.21 gm
5.03
5.97
2.54
2.15
2.34
4.53
8.80
Dead Space 27.2 cc
15.03
3.12
1.717
1.342
Desorption
460.6 2.95
331.5 3.72
234.7 4.78
27.2 cc
.o66
.035
.018
@22100
.o66
.252
.393
.46E
.339
.269
.209
2.17
3.02
4.26
358s
TABLE AXIII (Cont'd)
C Sample 10.21 gm Dead Space
M mol ads 1
,- nPmm,Hg, ,-
gm N
Adsorption
0.0716
.219
.279
.383
84.2
335.9
460.3
730.9
13.97
2.61
Desorption
.308
.212
.143
534.9
318.0
194.6
3.25
4.72
7.00
27.5 cc
,,px,103,
p
11.88
2.98
2.17
1.369
1.870
3.15
5.14
TABLE AXIV
Data for Generalized Isotherm Correlation
of Figures 36 for PCC Carbon
2500
M mol Cm3  NV 102
PmmHg Nm o 6M I ~9-' 'lnfs/f''
P-m m n< Jg'
Adsiif'ne: isothern curve from Milliken (164)
100 0.68 * 0.0286 13.1
300 1.26 .0530 10.5
500 1.64 .0690 9.27
760 2.02 .0850 8.27
*International Critical Tables, III, 230 (1928), acetylene
triple point is -81.50C, vapor pressure is 1.20 atm, V 42.1.
This value us d for entire pressure range at 2500 ps is 48.Q atm
and fs is 32. atm using the fugacity plots of reference (135).
VI1klsfin: isotherm curve from Meisner(
100 0.82 46.5* 0.0381 12.4
3;00 1.42 47.7 .0677 9.74500 1.79 48.6 .808.47;-'500.0870
750 2.14 49.4 .106 7.55
*Data from (i6)
-At 250C, ps~iT 66.0 atm by extrapolation.
Ethane
69.5 o.625 51.6* 0.0322 11.1
128. .925 52.3- .0484 9.75
230. 1.35 52.9 -0715 8,59
312. 1.62 53.4 .0866 7.90
512. 2.06 54.3 .112 6.89
752. 2.41 55.1 .133 6.10
*Data from (9)
at 25 C, p Ts 41. atm
Propane
50. 1.27 69.5* o.0883 6.85
100 1.91 70.5 .135 5.7
200 2. O 72.0 .180
350 2. 9 73.4 .212 3.84
500 3.10 74.4 .2 1 3.33
650 3.25 75.3 .2 5 2.95
800 3.38 76.0 .257 2.66
*Data from Page 2589 Ref. (10 9)
At 2500, ps is 9.25 atm.
TABLE AXIV (Cont'd)
P mm -Eg -1- mol
_____ST
NV n02
T~~''-1n~fs/f-
Butene-1
80.
160.
280.
440.
600.
750.
2.62
2.98
3.28
3.53
3.70
3.83
*Data from reference (124)
at 2500, ps is 43. psTa~
Isobutane
25.
50.
100.
200.
320.
440.
600.
744.
1.47
2.03
2.33
2.76
2.96
3.08
3.22
3.33'
*Data from page 2591 Ref.
At 25 0C, Ps is 50 psia
82.9*
84.7-
86.1
89.8
89.9
87.6*
88.9,
91.0
92.5
93.9
94.9
96.4
96.9
(.109)
0.217
.252
.282
.310
.328
.344
0.129
.181
.212
.255
.278
.292
.310
.323
3.92
3.02
2.33
1.78
1.42
1.16
5.12
4.34
3.47
2.66
2.11
1.75
1.43
1.15
V --
361
TABLE AXV
Data for Generalized. Isotherm Correlation
of Figure 36 for Columbia G Carbon
2500
NVPmm'I ~ M MnolP -mm "Hg- N
Methn gm
ketanie
253.
334.
436.
560.
714.
0-537
.663
.807
.962
1.10
36.3*
36.6-
36.9
37.2
37.6
102 ln gf f
0.0195
.0243
.0298
.0358
.o414
*Data from reference (69)
At 250C fS is 160 atm-by extrapolation.
Ethylene
61.9
161.8
347.6
542.6
771.6
1520.
3040.
4560.
6080.
7600.
9120.
13680.
15970.
1.21
1.92
2.67
3.17
3. 9
5.20
5.62
5.84
6.00
6.08
6.15
6.10
45.8*
46.9-
47.9
48.8
49.5
51.2
53.4
55.2
56.8
58.1
59.5
63.2
65.1
0.0555
.0901
.128
-155
-178
.228
.278
.310
.332
.348
.362
.389
.397
*Data from (126)
.At 250C, ps~s 66.0 atm by extrapolation.
Ethiiane
79.
161.
364.
557.
755.
1.62
2.22
3.04
3.54
3.88
51.8*
52.6-
53.7
54.5
55.1
0.0840
.117
.163
.193
.214
*Data from ()
At 25 0 0, ps is 41. atm.
17.1
16.1
15.3 -
14.5
13.7
13.6
11.2
9.39
8.30
7.46
5.94
4.42
3.55
2.96
2.53
2.20
1.49
1.24
10.8
9.29
7.60
6.70
6.10
362
TABE AXV (Cont'd)
N 
-
-02 ln-1g/21Thb ,''r ,VP -mmHg NE.--V-
3.28
4.34
4 .73
4.96
*Data from (56)
At 25 0 C ps fs11.3
3.22
3.71
4.16
4.33
4.72
4.93
5.07
5.14
5.18
5.26
5.32
5.32
57.2*
59.7-
61.1
62.1
o.188
-259
.289
.308
7.43
5.29
4.34
3.75
atm
70.5*
72.0
73.8
74.8
75.8
77 .3
S9.5
1.6
82.2
85.087.6
0.227
.267
.307
.324
.358
.381
.397
.409
.423
.432
452
.476
5.74.60
3.64
3.18
2.72
2.15
1.77
1.47
1.23
.879
.427
.126
*Data from page 2589 (169)
At 2500 ps is 9.25 at~m.
100
300
500
700
100'
200
4oo
550
760
1140
1520
1900
2280
3040
4560
6080
363
TABLE AXVI
Data for
P -mm Hg-
Meiane
253
334
436
560
714
Generalized Isotherm Oorrelation of Figure 36A
for Silica Gel at 250C
M ol NV
-g.,
0.0410
.0540
.0695
.0890
.113
36.3*
36.6.
36.9
37.2
37.6
0.00149
.00198
.00256
.00331
'.00425
1021-a in-f/
17.1
16.1
15.3
14.5
13.7
*Data from (69)
At 2500, fs TEE 160 atm, by extrapolation.
Acetylene
100
300
500
760
0.61
1.13
1.47
1.81
42.1*
42.1.-
42.1
42.1
0.0257
.0476
.0619
.0761
13.1
10.5
9.27
8.27
*Triplepoint molal volume, see Table AXIV
Ethylene
100
300
500
750
2280
3800
5320
8360
111100
16190
*Data from (.126)
At 250C, Ps is 66.o
Etiiane
79
161
364
557
755
1038
0.095
.175
.330
.470
.590
.750
atm by extrapolation
51.8*
52.6.
53.7
54.5
55.1
56.6
0.00492
.00920
.0177
.0256
.032
.042N
0.248
.548
.763
.990
1.72
2.17
2.50
2.95
3.26
3.64
46.5*
47.7
48.6
49.4
52.3
54 .3'
55.9
58.8
61.5
65.2
0 .0115
.0261
.0370
.0900
.118
.140
.174
.200
.237
12.6
9.73
8.50
7.52
5.03
3.92
3.23
2.36
1.79
1.22
10.8
9.29
7.60
6.70
6.10
5.36
TABLE AXVI (Cont'd)
V , A, , ; , .
1520
2280
3040
5320
8360
12900
16200
.960
1.24
1.47
2.05
2.62
3.18
3.47
*Data from (9)
At 2500, ps -is 41
100 0.850
300 1.51
500 1.90
800 2.32
1140 2.68*
1900 3.23*
3040 3.84*
6080 4.61*
8060 4.80*_
*Data of Healy (61)
**Data from (56)
At 25C ps s 11.3
100
300
500
750
1140*
1520*
1900*
2280*
3040*
4560*
6080*
0.380
;842
1:18
1.53
2.00
2.36
2.66
2.93
3.34
3.85
3.97
*Data of Healy (6i)
**Deta from page-2589
At 250C, ps is 9.25
atm
atm.
(109)
i 
,/
56.8
57.9
59.1
61.6
64.3
68.3
71.5
.0546
.0719
.0869
.126
.168
.217
.248
4.G66
3;90
3.33
2.34
1.59
.931
.639
57.2**
59.7
61.1
62.7
635.6
65-3:
67.1
70.1
71.37
0.0486
.0902
.116
-145
.170
.211
.258
.323
.342
7.44
5.29
4.:35
3.51
2.91
2.07
1.36
o.4o6
0.0704
70.5**
72.9-
74.4
75.7
77- 3
78.4
79.5
81.6
82.2
85.0
87.6
0.0268
.0614
.0878
.116
.155
.185
.212
.239
.274
.327
.348
5.774.08
3.34
2.75
2.15
1.77
1.48
1.23
.879
.427
.126
P -m Hg ,m_ -- 
S t ia n (d 0niid)
TABLE AXVI (Cat2Id)
P -m-Hg
Bt ene-1
80.
320.
480.
760.
M mol
9N-- - ,-
1.47
2.47
2.83
3.31
*Data from (154)
At 250C, ps ~i~3.
NV 102
V - -r ln f s/f
82.9*
86.7-
88.0
90.4
0.122
.214
.249
.299
3.92
2.14
1.68
1.14
psia
Isobutane
100.
320.
440.
600.
744-
0.780
1.58
1.89
2.24
2.51
91.0*
93.9
94.9
96.4
96.9
0.710
1.48
1.79
2.16
2.43
3.47
2.11
1.74
1.43
1.15
*Data from page 2591 (_1_09)
At 2500, ps is 50 psia
TABLE AXVII
Data for Generalized Isotherm Correlation of
Silica Gel
Figure 37
Ethylene
p mm Eg
100
300
500
750
NV
f0.155
.370'
.538V.708
0.0042
.0129
.0217
.0326
IV
46.5
47.7
48.6
49.4
T fs
ln 
~r
.00721
.0176
.0261
.0350
39.2
31.0
27.1
24.1
.195x10~374.4
.615 " 60.9
1.05 " 54.6
1.61 " 49.5
Propane
pLmm Hg V
100 70.5
300 72.9
500 74.4
,0 -75.7
,T - i s
L
273-K1
NV T fs
.N " , ln --I
0.497 0.0231 31.1
.977 .0466 24.0
1.28 .0620 20.7
1.57 .0774 18.1
4150K
0.0134 0.000624 59.1
.0400 .00191 48.1
.0659 .00320 42.9
.o961 .oo475 38.8
273 0K
NV T fE
0.74 0.0522 13.7
1.49 .109 9.09
2.01 .149 7.04
2.51 .190 5.45
3730 K
298 0 K
NV T fs
N Vln T- 
0.248
.548
.763
.990
0 .0082
.0248
.0417
.0625
0.0115
.0261
.0370
.0489
0.000382
0.00118
.00203
.00309
37.6
29.0
25.3
22.4
65.4
53.4
7.7
43.3
2980K
NV T fs
-N Tin -
o.380
.842
1.18
1.53
0.0268
.0614
.0878
.116
4480Y
17.2
12.2
9.95
8.20
0 .39510-228 .2
1.17 " 21.7
1.81 " 18.5
2.51 " 16.3
0.0141 o.994xio-3
.0415 3.02 "
.0678 5.04
.0997 7.53 "I
0.262
.590
.832
.ll1
.0185
.0430
.0619
.0842
19.7
14.3
11.9
9.96
o.056
.161
.243
.332
38.4
30.3
26.7
23.8
TABLE AXVII (Conttd)
503PKN -n
1 0.0058 .409x10-3 45.6
2 .0179 1 .31 " 36 .4
.0303 2.26 " 32.3
4 .451 3.-1  29.0
['Smooth curve isotherm data for 024 at 00 and 4000 and C7H8  at '
are these of Bareis (8), for C3Hg at 40o & 1000C are from Chertow (26)
TABLE AXVIII
Data for Generalized Isotherm Correlation of Figure 37A
Ethylene 2730)K
11V- T rs
V, N n -
46.5.
47.7
48.6
49.4
1.25
2.05
2.42
2.80
0.0581
-0979
.118
.138
31.1
24.0
20.7
18.1
0.82
1.42
1.79
2.14
2 980K
N' V V T I
0.0381
.0677
.106
37.0
29.0
25.2
22.5
1. 02xio-3
2.98 "
4.91 "
7.31 "
Propane
p
100
300
500
750
70.5
72.9
74.4
75.7
273 0 K
2.83 0.199 13.7
3.39 .247 9.09
3.67 .273 7.04
3.90 .295 5.45
4940 K
2980K
---- 0.135 17.2
.180 13.9
.212 11.4
.231 9.92
0.100 7.05x10-3
.244 17.8 "
.352 26.2 "
.468 35.4 "
45.4
35.6
31.4
28.3
0.081
.201
.294
.390
5.71xio-3
14.6 "
21.9 "t
29.5 "
Smooth curve isotherm data at 00 and 250C are those of Meisner (10).
p.-mm Hg,
100
300
500
750
0.022
.0625
.101,
.148
72.9
59.o
53.4
48.5
0.016
.0465
.0765
.112
5170K
0.744xo~3
3.72 "
5.54
77.5
63.6
57.1
51.9
47.0
37.7
33.4
30.1
TABLE AXIX
Data for Log p vs Plots, Figures 38 and 39
thiylene on Pdd Carbon
1- p -mm -Hg toC.
0.110 738* 244 1.93
.110 546* 221 2.02
.110 7.19** 25 3.36
.110 3.49** 0 3.66
Propane on FCC Carbon
0.35 640* 241 1.95
.35 496* 221 2.02
.35 2.28** 25 3.36
.35 1.01** 0 3.66
*Read from Figure 15
**Calculated from Langmuir equation fitted to Meisner's (103)data.
Propane on Silica Gel
o.0o4o 664* 230 1.99
.040 287* 175 2.23
.040 72.4** 100 2.68
.040 11.6** 40 3.20
.040 7.24** 25 3.36
.040 2.64** 0 3.66
*Read from Figure 17
**Calculated from Langmuir equation fitted to data of Bareis (8) and
Chertow (26).
TABLE AXX
Data for Isotherm Correlation of Figure 40
FCC Carbon, 250C
Ps 48.8 atm
Acetylene, K- is 1.35
P-x103 -
Ps
0.394
.811
1.417
2.48
4.14
6.64
10.16
15.33
21.3
gn
0.260
.432
.627
.867-
1. 089
1.531
1.870
2.37
2.74
Ethylene, K is 1.0
'- :x .103ps
0.259
.896
2.07
4.26
6.84
9.93
12.86
15.10
m 0
o.187
.485
.831
1.215
1.521
1.797
2.004
2.145
Ethane, k is 1.20
- x103 . KN.
PS
0.389
1.152
2.16
3.99
5.61
7.16
9.72
12.43
15.93
18.62
23.4
0.200
.457
.750
1.111
1.392
1.620
1.943
2.18
2.47
2.65
2.89
Propane-,
x 102
0.569
2.77
6.33
11.17
21.2
39.1
78.3
82.1
95.2
97.8
115.6
k is 1.21
0.364
.808
1.429
2.03
2.75
3.33
3.81
3.86
3.96
4.04
4 .12,
Butene-1, K is 1.26
N
0.0315
.0751
.1126
.1456
.1772
.212
.245
.282
.312
.337
3.16
3.80
4.06
4.23
4.36
4.47
4.60
4.69
4.76
4.83
Isobutane,
p
0.000969
.00911
.0273
.0548
.0698
.1076
.1318
.1712
.1919
.215
.246
. 275
.290
K is 1.4o
*KN
o.437
2.04
3.18
3.62
3.81
4.07
4.18
4.28
4.38
4.45
4.55-
4.63
4.66
Above points represent actual experimental points.
TABLE AXXI
Data for Isotherm Correlation of Figure 40
Columbia G Carbon, 25 0 C
Extrap. p3 2.45 x 105 mm Hg
Methane, K is 1.75
P- ,x lo KN-To,
PS gn
0.1245
.294
.502
.821
.968
1.555
2.23
2.63
3.08
0.1156
.315
.511
.761
.888
1.280
1.661
1.802
1.978
Ethylene, K is 1.0
x 10
Ps.' '
0.916
2.98
5.31
6.87,
8.86
12.54
15.09
30.5
67.1
108.8
169.5
220.
272.
323
1.04
1.86
2.39
2.66
2.95
3.36
3.57
4.48
5.32
5.77
6.09
6.24
6.22
6.16
Ethane, K is 1.06
- x.1Q3  KN
PS_
0.754
2.53
4.68
7.70
11.96
16.02
19.79
24.4
0.941
1.728
2.27
2.76
3.25
3.62
3.88
4.13
Propylene,, K is 1.06
,x 10 'KNPS__ 
_ _ _ _
6.22
11.62
25.6
55.9
69.9
88.6
2.71
3.48
4.33,
4.98
5.15
5.33
Propane, K is 1.20
P ' KN,
0.00754
.0228
.0373
.0633
.0784
.109
.1817
.256
.346
.440
.527
.620
.717
.804
.891
2.95
4.20
4.62
5.02
5.16
5.69
6.00
6.13
6.24
6.34
6.35
6.39
6.40
6.41
6.37
TABIE A XXII
Data for Isotherm Correlation of Figure 40
Silica Gel, 2500
Methane, K is 1.00
P 3
0.736
1.063
1.650
2.16
2.72
3.12
M ml
0 .0295
.0460
.0629
.0844
.108
.122
Ethylene, K is 1.00
KN
0.001107
.00421
.01480
.0442
.0912.
.1427
.1968
236
.284
.323
0.150
.425
.965
1070
2.34
2.79
3.13
3.29
3.52
3.67
Ethane, K is 1.00
x 10 KN
Ps,
0.876 0.035
1.693 .065
2.53 .095
3.58 .125
8.11 .250
11.22 .343
24.3 .595
73.4 1.24
148.7 1.90
231. 2.44
311. 2.81
396. 3.14
48o. 3.41
519. 3.48
:,gylene,K is 1.00 Propane, K is 1.00 Butene-1,K is 1.13 Isobutane, K is 1.09170 3 P 33
3ps PS p56. x ,!____._x 10KN,. --- 3 1 .N . ^-- X, 10 KN- . ,0. . . ,K1Ps Ps Ps
3.78 0.480 14.22 0.380 18.02 1.243 6.01 0.237
11.63 .850 42.7 .842 35.6 1.677 24.-2 .626
4.9 1.51 71.1 1.180 60.0 2.06 60.4 1.133
78.2 1.90 106.7 1.532 111.0 2.50 102.2 1.559
:.1 2.32 108.1 1.55 140.7 2.80 160.7 2.00
K 8 ~ 2.68 162.2 200 183.5 3.05 234 2.45
3.23 216. 2.36 224. 3.26 294. 2.76
, 3.84 270. 2.66 274. 3.50
v 4.61 324. 2.93 309. 3.64
4.80 432. 3.34 348. 3.746r8
86.
865. 3.97
TABLE AXXII
Summarized Dpta for Ethylene-Propane Mixtures on PCC Carbon
1 atm, 25.000
Initial Buret
Corr.
Rdg,cc 0K Barom.mm Hg
; ,Q3
99.30
99.50
L22.15
136.25
-4.70
47.35
78.90
79.00
46.50'
30.65
117.85
137.05
300.9
302.5
301.6
303.9
302-5
295.5
766.9
766.3
762.8
760.7
761-.0
762.0
Unadsorbeci.gas
Corr.
Rd.g T Barom.
96.50
96.45
93.55
94.80
92.80
93.90
301.1 767.G
303.1 765.1
302.0 761.8
304.3 759.4
302.7 761.1
295.6 763.0
Composition
mol fr.
~C3
0.782 0.218-,
.786 .2141
.914 .o86
.949 -050
.553 .447
.409 
.591--
Remaks: In runs 1 & 2 the gas admitted too-the adsorbent first-was
C2 4 and C3H8 respectimly; in the balance of the runs, the
gases were fed together. All runs were carried out with the
circulating apparatus. Used a revised carbon sample weight
of 1.123 gm instead of the value of 1.210 weighed as receive
correction factor based on propane isotherm value of 3.10 M_
on this sample vs. 3.34 as the accepted value. Dead
vol 6.56 cc.
gsa
space
d' -
moL
RE-5 C5 138.50 294.2
U3 32.55 293.7
iE-6 01 113,.65 293.0
C3 54.45 292.7
766.7
766.7
773.0
773.0
97.40 296.2 764.5 0.923
0.0771
89.70 294.8 772.4 0.868
0.132
Remarks: Above runs obtained with the reverse pass apparatus after
completion of Telesca's (117) work. Sample weight 1.201 gm.
Dead space vol 7.76 cc.
"Run
-2
-34
-5
-6
A;
TABI AXXIV
Summarized Data for Ethylene-Propylene Mixtures on Columbia G Carbon
1 atm., 25.00C
Sample wgt o.8443 gm Dead Space vol.
Initial Buret
Run Rdg.cc -ToK
C0 99.75
C~ 79.35,
CO 99.65
C~ 80.40
C0111.95
C0 58.75
03 67.10
C~115.25
C2131.70
C~ 34.90
C0 41.55
01141.80
c2141. 4o
294.7
294.7
293.9
293.7
206.2
296.8
295.1
294.7
296.3
296.7
299.2
298.9
296.9
nadsdrbed I 'Gas
Corr Corr. Composition
Barom mm Hg Rdg. T Barom. mol fr.
764.2
764.2
770.3
770.3
770.4
770.4
772.0
772.0
768.1
768.1
766.6
766.6
767.1
89.10 295.2 763.7
90.95 295.0 770.8
84.50 297.3 770.4
87.75 296.5 771.7
84.70 297.3 768.3
82.70 299.6 766.5
83.20 297.5 766.7
C- 22.20 296.9 767.1
Remarks: In runs 15 & 16 the gas admitted to the adsorbent
first was C2H4 & C7H6 respectively; in the balance
of the runs the gases were fed together. Above
runs carried out with the circulating apparatus.
0.810
.190
.808
.192
.888
.112
.604
.396
.947
.0526
.394
.606
.967
.0327
6.16 cc
G- 15
G-16
G- 17
G- 18
G-19
G-20
G-21
aun #
G-1
G-2
G-3
G-4
G-5
G-6
G-7
|.G-8
I1G- 9
JG- 10
2-G-34
12-G-35
Sample Wgt..
Initial Buret
Corr.
TOK Barom,mmHg
Sample Wgt 0.8443
764,.8
763.3
764.4
767.6
763.14
762.2
756.8
758.5
760.5
760.11
762.3
762.8
Dead Space vol 6.21 cc
Unadsorbed Gas
Corr.
Rdg. T Barom. C 2
87.25 300.2
88.60 300.6
88.05 301.6
88.90 299.3
95.80 299.7
89.65'301.9
89.90 300.7
91.40 300.2
96.05 300.7
93.70 301.5
765.1
761.5
764.8
767.8
763.3
762.0
754.9
759.4
760.9
760.2
Dead Space vol
96.80 300.3
98.40 301.2
mo± rr,
Composition
0.871
.864
.870
.875
.587
.969
.372
.745
.938
.497
C3
6.16 cc
762.8
762.0
.399 .601
.618 .382
Remarks: In runs 3 and 4 the gas admitted to the adsorbent first was
C2H4 and C3H8 respectively; in the balance of the runs
the gases were fed together. All runs were carried out
with the circulating apparatus.
0.954. gm
TABLEAXXV
Summarized Data for Ethylene-Propane Mixtures on Columbia G Carbon
1 atm, 25.00 C
Rdg.cc
C,92
114.65
114.50
114.65
114.75
75.45
153.70
43.50
93.25
140.90
60,15
70-.70
70.35
70.40
70.10
123.80
26.20
154.55
99.85
48.oo
140.25
301.5
299.7
301.1
299.0
298.9
301.7
300.3
299.7
300.0
300.6
48.35
77.30
0.129
.136
.130
.125
.413
.0311
.628
.255
.0621
.503
145.15
114.65
300.7
300.8
TABLE AXVI
Summarized Data for Fropane-Propylene Mixtures
on Columbia G Carbon
1 atm., 25.0C
Sample wgt. 0.954 gm
Initial Buret
Rdg.cc Corr.
0 C3 TOK , Barom,mm J.Hg,
99.50
99.85
161.05
99.55
99.20
54.95
50.85 15275
300.0
301.4
301.0
763.2
766.3
768.1
300.2 770.6
Dead Space vol 6.21 cc
Unadsarbed gas r
Composition
.Rdg .
-T .
_.Barom, , C C
85.30 300.7
84.50 300.5
100.15 300.5
117. 10*299.2*
92.35 300.8
113.95*301.2*
763.0
767.9
768.3
770.7*
769.7
769.6*
.488
.493
.74o
.739*
.251
.258*
.512
.507
.260
.261*
.749
.742*
*Values are for desorbed adsorbate and dead space gas.
Remarks: In runs 11 and 12, the gas admitted to the adsorbent
first was C3H8 and C3H6 respectively; in the balance
of the runs the gases were fed together. All runs
were carried out with the circulating apparatus.
Run #
G- 11
G-12
G-13
TABLE AXXVI
Summarized Data for Ethylene-Propane-Propylene Mixtures
on Columbia G Carbon
San'ple wgt o.8443 gm 1 atm, 25.0 0C Dead Space vol 6.16cc
Initial Buret Unadsorbed Gas
Run & u
G-22 99.85
-23 100.00
-24 100.00
-25 92.70
-26 121.15
-27 140.55
-2 62.25
-29 62.45
-30 39.05
-31 80.20
-32151.05
-33 38.60
Rdg. c - Corr. Corr. mol rr. comp.
TOKBarom mm Hg Rdg., T.. Barom 2, Q . , C3 03
56.20
56.50
56.90
23.55
15.20
9.35
33.15
96.85
116.70
81.95
19 65
38.20
18.75
19.00
18.90
71.10
44.15
26.65
98.35
32.65
39.25
27.20
6.75
114.00
300.0
297.8
299.5
300.5
296.8
298.5
294.8
298;1
298.6
299.9
298.7
298.7
764.7
762.5
760.3
759.1
766.1
766.3
769.6
768.3
768.2
768.0
767.9
765.6
Remarks: In runs 3-G--22,23 and 24,
first was- CHg, C2H4 , and
85.60 300.2
86.69t98.3
86.20 299.7
93.40 300.2
94.60 297.7
94.05 298.7
98.55 296.6
97.45 298.6
98.00 299.0
96.35 300.2
96.70 298.4
91.25 299.3
-764.3
762.1
759.9
759.0
766.5
766.0
769.5
768.1
768.2
767.4
767.2
764.8
.833
.829
.830
.750
.894
.946
.519
.521
.332
.654
.965
.349
.124
.128
.128
.o654
.0301
.0177
.125
.361
.507
.261
.0292
.166
.0433
.o433
.0422
.185
.0756
.0364
.356
.118
.161
.o851
.oo6o
.485
the gas admitted to the adsorbent
C3H6 respectively; in the balance
of the runs, the gases were fed together. All runs were
carried out with the circulating apparatus.
TABIE AXXVIII
Summarized Data for Ethylene-Propane-Propylene Mixtures
on Silica Gel
1 atm, 25.0 0 C
Sample wgt 1.718 gm .Dead space vol
Rg .c c
C~2 .3 0~, TQK
Unadsorbed Gas
di fr. comp .
Corr. Corr.
Baommrn .Hg Rclg T, Barom C, 03 . , .C3
49.10
48.90
49.00
8o.6o
Air leak
100.00
44.00
30.03
62.90
61.20
55.05
51.40
23.10
18.50
93.60
85.15,
58.00
95.30
95.55
23.40
50'.40
50.70
50.20
51.05
28.oo
87.80
63.70
19.84
33.40
55.70
64.30
108.05
131.20
28.65
41.85
32.30
20.60
480-10
51.65 295.2
51.80 296.5-
51.60 297.0
20.30 299.0
24.90
38.20
85.70
95012
84.60
55.60
57-40
43.60
18.32
40.05
31.65
86.55
44.30
11.10
12
3
4
5
6
7
8
.9
10
12
13
14
15
16
19
'18
19
20
21
22
25
24
25
296.2
295.4
296.7
298.7
'298.4
294.2
297.7
295.2
297.8
300.2
297.2
291.4
297.5
297.7
301.7
42.80 28.65 J8.95 302.4
57.05 17.70106.40 299.2
69.35 7.95 99.95 301.0
120.95 17.25 14.55 300.7
57.40 60.40 57.80 302.7
125.70 9.00 19-70 301.4
769.1
761.7
763.9
758.6
75.30 296.2 768.3
74.95 296.2 760.2
74.80 299.7 761.3
86.70 300.2 757.9
757.3 89.10 294.7 756.6
762. 94.40 295.2 762.7
772.9 94.35 295.2 773.2
759.9 95.50 298.7 757.6
761.7 100.00 300.2 753.1
769.2 91.20 295.2 768.8
76.90*296.7*766.6*
765.3 95.70 298.2 765.1
759.4 95.50 296.2 758.2
757.4 92.40 298.8 756.9
756.3 95.10 300.5 756.1
763.5 91.75 297.4 763.8
756.6 96.50 291.8 756.8
759.2 92.05 297.4 759.7
759.7 93.10 298.3 760.1
755.0 100.95 303.2 755.2
95.00*303.8*755 4*
759.9 100.55 302-9 760.0
90.30*303.2*759.9*
760.6 97.25 298.9 761.o
86.00*299.7*760.2*
762.1 94.65 301.2 761.7
83.70*303.2*760.4*
761.4 94.20 301.0 761.6
58.70*301.3*762.1*
760.7 97.75 302.7 760.6
79.10*303.4*760.o*
761.1 95.90 302.5 761.2
59.45*303.7*761.2*
9.00 cc
43.85 27.40
.434
.429
.422
.612
.746
.332-
.236
.482
.445
.433
.202*
.393
.173
.135
.677
.631
.445
.716
.690
.179
-0599*
.321
.112*
.438
.161*
.540
.212*
.860
.675*
.430
.197*
.885
.683*
.377
.363
.377
.322
.179
.545
.425
.143
.241
.368
.316*
.414
.683
. 813
.07-
.272
.221
.140
.281
.297
-171*
.208
.121*
.132
.0852*
.0762
.o475*
.105
.146*
.368
.298*
.0871
.0754*
.189
.208
.201
.0660
.0752
.123
.339
.375
.314
.199
.482*
.193
.144
.0520
.116
.0976
.334
.144
.0290
.524
.769*
.472
.767*
.430
.754*
.384
.741*
.0354
.179*
.202
.505*
.0277
.242*
Initil Buret
TABLE AXXVIII (
117.10 24.85 9.65 304.7
114.70 8.40 36.70 303.9
92-485 13.80 63.80 302.8-
104.30 44.65 6.10 305.2
69.70 83.10 12..05 303.2
760.6 92.40 303.2 761.6
58.40*305.4*761.8*
760.7 94.95 303.2 759.8
64.80*303.7*759.5*
756.7 96.20 302.8 756.1
74;90*304.7*755,0*
753.8 94.15 304.8 753.4
60.55*33.2*752.2*
752.1 96.10 303.2 752.2
68.-60*303.2*752.2*
.806
.661*
.833
.539*
.696
.349*
.725
.580*
.494
.328*
.174 .0197
.217* .121*
-0704 .0972
.0650*.396*
.0916 .212
.0843*.567*
.260 .0154
.352* .676
.474 .0315
.542* . 130*
*Values are for desorbed adsorbate and dead space gas.
Rema rks: In runs 1, 2, and 11, the gas admitted to the adsorbent first
was C3H 6 , 024, and C3H8 respectively; in the balance of the
runs the gases were premixed. All runs were carried out with
the reverse pass apparatus.
27
28
29
Cont Id)
TABLE AXXIX
Calculated Raoult's Law Equilibrium Diagram
Shown in Figure 62
Ethylene-Ethane on Silica Gel, 250C
1 is Ethane
7 Y1 N2r _2
Total Press
0.92
1.44
2.17
2.66
3.04
3.20
3.30
0.50
.83
1.27
1. 63
1.94
2.07
2.12
0.21
.37
.64
.82
.98
1.05
3.41
3.29
2.98
2.58
1.93
1.40
0.70
Total Press
2.64
2.38
2.12
1.77
1.27
0.85
0.55
Total Press
1.52
1.45
1.25
1.00
0.65
0.36
'Raoult -xl
19.2 atm
0.212
.421
.508
.611
.695
.825
7.85 atm
0.159
.258
.374
480
.605
.710
-795
0.10
.20
40
.60
.80
.90
.97
0.10
.20
.40
.60
.80
.90
.95
0.10
.20
.40
.60
.80
.92
From Maher (9)
2.55 atm
0.121
.203
.338
.450
.601
.745
Vs
TABLE AXXX
Ni N2Coordinates and Deviations for -- vs --- Plot
I N2'
Figure 65, PC0 Carbon, 2500
(1 refers to less strongly adsorbed constituent)
Ethylene-Propane, Nil is 2.17, N2' is 3.34
Deviation
+ N2
N'RI ,. - q I
of
from 1.0
-2.3
-3.9
-5.8
-5.6
-6.7
-6.o
Average -5.1
Ethane-Propane,
1
2
3
4
5
6
7
8
9
11
0.271
.260
.0645
.524
.420
.160
.710
.840
:0798
.688
N1 t is 2.42, N2 1 is 3.34
0.683
.708
928
.469
.558
.835
.310
.181
.935
.328
-4.6
-3.2
-0.7
-0.7
-2.2
-0.5
-2.0
2.1
1.5
1.6
Average 1.9
Isobutane-butene-1, Nil is 3.34, N2 ' is 3.84
-1.0
3.5
2.0
1.8
1.5
1.5
1.0
1.7
1.9
0.1
Average 1.6
N NRun
PCC - 6
-5
- 1
-2
-3
-4
0.0976
-153
.308
.308
.509
.657
.879
.808
.634
.636
.423
.283
1
6
7
8
9
10
11
12
13
14
0.409
.446
.446
.540
.648
.342
.0757
.843
.200
.730
.581
.589
.574
.478
.367
.673
.932
.174
.819
.269
TABLE AXXXI
NJ N2Coordinates & Deviations for -- - vs -- plot Figure 66
Columbia G Carbon, 250C
NJ
'N-t
N2
-- 21
% Deviation of
- +N ' from 1.0
N1 i-- 7
Methane-eth gene Ni' is 1.14, N2'
-2.1
0.2
-4.8
-3.5
-6.1
-4.7
-4.2
-4.1
-4.5
-3.3
-2.6
Average 3.6
Ethylene- ethane N1'
0.534
.523
.527
.388
.654
.844
.160
0.475
.491
.504
.636
.349
.8 19
is 3.58, N2 1 is 3.90
0.9
1.4
3.1
2.4
0.3
-0.4
0.9
Average 1.3
Ethylene-propylene NJ' is 3.58, N2' is 5.02
0.616
.631
.. 489
.796
.305
.874
.196
-7.7
-7.4
-7.6
-6.1
-6.8
-4.0
-5.0
Average 6.4
Run
is 3.58
14
7
11
10
5
3
13
2
6
8
9
0.108
.208
.268
.275
. .338,
.425
.483
.585
.656
.792
.948
0.871
.794
.684
.690
.601
.528
.475
.374
.299
-175
.0780
a-15
16
17
18
19
20
21
0.307
.295
.435
.143
.627
.0855
.754
TABLE AXXXI
(Cont'd)
Ethylene-Propane Ni'
o.388
.393
.385
.383
.164
.719
.0894
.245
.532
.121
.0905
.164
0.565
.558
.554
.561
.805
.226
.901
.712
.403
.865
.904
.814
is 3.58, N2'
-4.7
-4.9
-6.1
-5.6
-3.1
-5.5
-1.0
-4.3
-6.5
-1.4
-0.5
-2.2
is 4.55
Average -3.8
Propane-propylene Ni'
0.518
.519
.278
.750
0.468
.466
.701
.236
is 4.55, N2' is 5.02
-1.4
-1.5
-2.1
-1.4
Average -1.6
G-1
2
3
4
5
6
7
8
9
10
2-G34
2G-35
G-11
12
13
14
TABLE AXXXII
Coordinates & Deviations for vs N2 - Plot
Ni' N2'
Figure 68, Silica Gel 2500
' Deviation of
NJ N2  N1  N2un ---- from 1.0IN-I' N21 IN ,x I ,- ' t -N2I I
Methane-ethylene, N1 is 0.112, N2' is
0.238
.339
.497
.669
.812
.840
.994
.952
1.014
1.021
1.073
0.595
.567
.593
.376
.251
.257
.203
.186
.0896
.079
.038Z
0.998
-16.7
9.4
9.0
4.5
6.3
9.7
19.7
13.8
10.4
10.1
11.2
Average 10.9
Ethane-propane N1' is 0.593, N2' is 1.54
0.268
.359
.410
.541
.674
.819
0.640
.549
.528
.418
.266
.155
Isobutane-butene-1 N1 '
-9.2
-9.2
-6.2
-4.1
-6.o
-2.6
Average -6.2
is 2.54, N2' is 3.31
0.6
-1.1
-0.2
0.3
0.5
-2.9
-3.1
-1.8
0.6
1.0
-1.0
Average 1.2
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R
10
1
2
5
7
8
4
36
11
12
1
2
3
4
5
6
9
10
11
0.362
.379
.518
.633
.763
.849
.216
.0926
.381
.387
.367
o.644
.610
.480
.370
.242
.122
.753
.889
.625
.623
.623
TABLE AXXXIII
Calculations for Ternary Mixtures 1-4 8- + 3- 1.0
i't N2' N3 '
(1 is ethylene, 2 is propane, 3 is propylene)
% Deviation of
Run N1  N2  N3Run -- -- ---
N
sumt of 91 from 1.0
Columbia G Carbon Ni'
3-G-22
23
24
25
26
27
28
29
30
31
32
33
0.316
.314
.312,
.235
.423
.621
.108
.111
-054
.175
.703
.0595
is 3.58, N2' is 4.55, N3 '
0.494
.495
.494
.194
143
.0906
.238
.662
.711
.612
.188
.256
o.143
-147
.146
.508
.360
.226
.6o6
.201
.220
.181
.o6o
.651
is 5.02
-4.7
-4.4
-4.8
-6.3
-7.4
-6.2
-5.8
-2.6
-1.5
-3.2
-4.9
-3.3
Average -4.6
Silica Gel Ni' is 0.998, N2' is 1.54, N3' is 2.26
Average 1.5
385
1
2
3
4
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
0.302
.304
.333'
.516
.629
.228
.129
.292
.308
.288
.240
.116
.112
.532
.509
.260
.535
.587
.0961
.171
.238
.306
.761
.276
.771
.737
.650
.462k
.668
.424
0.319
.337
.316
.330
.176
.518
.337
.0975
140
.336
.350
.602
.775
-123
.244
.163
-114
.316
.207
.140
.0961
.0511
.118
.310
.0568
.170
.0552
.0831
.28
.50
0.390
.366
.373
.148
.184
.273
.547
.594
.539
.383
.397
.305
.138
.293
.234
.557
-316
.0864
.715
.684
.050
.617
.108
.400
.148
.0721
.259
.421
.041
.0899
1.1
0.7
2.2
-o.6
-1.1
1.9
1.3
-1.6
-1.3
0.7
-1.3
2.3
2.5
-5.2
-1.3
-2.0
-3.5
-1.1
1.8
-0.5
-1.6
-2.6
-1.3
-1.4
-2.4
-2.1
-3.6
-3.1
-0.2
1.8
TABLE XXXIV
Coordinates for oL vs Total Pressure Correlation
of Figure 70
g is 8 l
Nl' latm N' 71-
Ethylene-Propane on Columbia G
Carbon. For data see-Table XXXIII
Total Press 2.25 atm, is 1.177
xl 
___
0.072
.148
.287
.363
.583
.828
7.36
9.28
11.13
10.52
10.53
7.90
Total Press 7.40 atm, 0 is 1.423
Ethylene-Ethane on Silica Gel
For data see Table XXXVI
Total Press 2.55 atm, $ is 1.161
0.120
.226
.384
.547
.750
.889
2.64
2.43
2.52
2.62
2.76
2.70
Total Press 7.85 atm, X is 1.'407
6.59
7.47
8.98
10.17
10.75
11.95
11.04
0.194
.352
.556
.772
Total Press
.121
.237
.340
.390
.531
.662
.785
.889
2.41
2.50
2.70
19.2 atm, $ is 1.610
2.48
2.35
2.54
2.50
2.61
2.77
3.02
3.16
Propane-Propylene on Silica Gel
For data see Table AXLIX
Total Press 60 psia # is 1.292
.865 3.85
.595 3.19
.257 2.45
.120 2.38
.442 2.82
.682 3.18
.629 3.20
.756 3.67
0.080
.121
.211
.310
.3 2
. 791
TABLE XXXIV (Cont d)
Total Press 116 psia $ is 1.262
.757 3.21
.540 2.72
.06 2.26
.187 2.16
.463 2.60
.550 2.72
.630 2.92
.864 3.45
TABIE AXXXV
Calculations of Equilibrium Curve from One
Experimental Point Uping olas Constant
Total Pressure 1 atm, 250C
D is % deviation of calculated and experimental
values
-- YEp-YCalc X 100
(Y-X)Exp
X1 YlCalc YE DX-
Ethylene-propane, YI8 Carbon
Run #3dis 11.4
0.559
.830
.920
.980
0.571
.838
.930
.978
2.6
1.5
2.3
1.1
Ave. 1.9
Isobutane-butene-1, PCC Carbon
Run #7 c>4 is 1.53
.145
.397
605
.86o
.187 48.
.405 7.6
.601 4.0
.863 4.8
Ave. 16.
Ethylene-ethane, G Carbon
Run -1, of.. is 1.53
xi Yl10l10-7 D%E hane-propane, 08 Carbon
Run #5 c. is 4.42
0.1
.3
.5
.8
0.329
.655
.815
.946
0.503
.683
790
.929
43.
7.3
8.6
13.2
Ave. 18.
Methane-ethiene, G carbon
Run #2 oc is 14.9
0.1
.3
.5
.8
.624
.865
.937
.984
.580
.861
-939
.985
9.2
.7
.5
.5
Ave. 2.7
Ethylene-Propylene G Carbon
Run G 15 cx is 12.0
.145.
.397
605
.860
.133 36.
.377 26.
.6o 5.0
.863 4.8
Ave. 18
Ethylene-Propane, G Carbon
Run G-1 o.. is 12.5
571
.837
.924
.980
.552
.838
.923
.976
4.2
.2
.2
2.3
Ave. 1.7
Methane-ethylene, silica gel
Run #7 oc is 16.4
.502 19.
.833 2.1
.932 1.4
.981 o
Ave. 5.6
.646
.876
.944
.985
.672
.874
.947
.985
4.5
.4
.7
0
Ave. 1.4
0.1
.3
.5
.8
0.1
.3
.5
.8
.581
.844
.926
.981
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TABLE AXXXV
l' 10YalllExp-
Ethylene-ethane, silica gel
Total Press. 2.55 atm
Run #23 olis 2.17
xlY- , - Ylalc -ylExp ID% 1
Ethane-propane Silica Gel
Run #2 o is 5.44
.192
.478
.679
.889
.203
.478
.690
.908
Isobutane-butene-1
.250
.564
.751
.924
.263
.568
.751
.941
11.
0
5.8
18.
Ave. 8.5
8.0
1.5
0
12.
Ave, 5.4
.377
.701
.845
.956
.417
.700
.822
.939
13.
0.3
7,1
12
Ave. 8.0
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TABLE AXXXVI
Calculations for the Rate Data of Manz (99)
in Figures 79-81
Exit Gas
Sample -# -Time-mins, %C2H4 %02H6 Corr.ExitV o1.i iCC
Run #19 C2H4on Surface first, Superficial velocity Vo =.109 ft./sec.
0.5
1.0.
1.5
2.0
2.5
95.2
68.6
43.0
27.5
18.5
4.8
31.4,
57.0
72.5
81.5
370
710
1090
1470
1840
C2H6 on Surface first, Vo 0.0891 ft./sec.
1.0
1.25
1.5
1.83
2.08
2.5
2.9
5.4
59.6
98.6
97.5
97.1
94.6
40.4
1.4
530
650
810
1020
1150
Run #20 C2H6 on Surface first, Vo =
0.25
.50
.75
1.0
Run #16
1
2
3
4
3.2
7.6
88.0
97.1
96.8
92.4
12.0
2.9
0.221 ft./sec.
450
660
900
1180
Mixture fed 49.4% C2H4, 50.6% C2H6, Vo 0.0994 ft./sec.
0.5
1.0
1.25
1.5
2.8 97.2
0 100.
1.3 98.7
9.8 90.2
50
140
170
300
Run #17 Mixture fed 49.4% C2 4, 50.6% C2H6 Vo= 0.0972 ft./sec.
1.0
1.25
1.5
1.75
2.0
6.8
1.8
1.2
41.4
48.9
93.2
98.2
98.8
58.6
51.1
150
198
327
442
618
Run #18
1
2
3
4
5
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D. SUPPLEMENTARY DISCUSSION
1. iciorption 'Isdolhermi
Tables AXXXVII - AXLIV present the isotherm data
of Chertow and coworkers (26) which are plotted in Figures
11 and 13 of the Discussion and included in the various
isotherm correlations.
In connection with the modified Dubinin type isotherm
correlation, the original papers (42, ) suggest that the
NV 1 fs
relation between and -;- ln -g may be linear over
1 f 2
certain regions and linear in -l 1n over the entire
NV
range of values. The current data do not agree with
these relations (using V as previously defined). Plots of
NV 1
log log vs log --- ln indicate that no simple
exponent on the latter term will fit the data. Another
correlating factor that was tested without success was
fs
ln , where AEfg is the internal energy of vapo3lzation.
2. Binary Mixtures
The data of Chertow and coworkers (L2) that have been
plotted and used for reference in this thesis are presented
in Tables AXLV - AXLIX.
TABLE A XXXVII
Acetylene Isotherm on PCC Carbon
25.0 C (see Figure 11)
p mm Hg N M-- -adsgm
Acisd'6:pion
246.3
376 .6
569.3
788.8
1.135
1.385
1.754
2.03
Desorption
701.8
658.0
495.5
298/0
200.1
153.6
92.1
52.6
30.1
14.6
1.951
1.894
1.648
1.269
1.020
0.880
.642
.465
.320
.193
Data of Milliken (104)
TABIE A XXXVIII
Ethylene Isotherm on PC Carbon
(see Figure 11)
'66
M mol ads
NI-----g----
0.187
.485
.831
1.215
1.521
1.797
2.004
2.145
0.6
44.1
99.6
206.2
348.7
490.7
639.3
748.7
0.1880
.849
1.253
1.758
2.149
2.4oo
2.645
2.796
Desorption
2.017
1.820
1.555
1.198
.843
.639
Desorption
666.3
533.3
113.4
351.4
60.4
2.624
2.405
1.469
2.200
1.101
Data of Meisner (1O3)
as recalculated bf~~hertow (26)
'2566 ''
p mm -Hg
13.
45
104
214
343
498
645
757
666
504
356
203
100
60
TABLE A XXXIX
Propane Isotherm on PCC Carbon
doOCo'd
p
14.
57.
105.3
177.2
333
488.5
641.2
760.2
1.209
1.89
2.23
2.53
2.902
3.069
3.215
3.33
19.4
56.4
114.1
207.3
359.5
451.3
586.8
756.3
N
2.107
2.573
2.886
3.239
3.518
3.751
3.811
3.951
Desorption
655.7
499.4
293.7
198.7
71.7
3.246
3.12
2.86
2.595
2.082
Desorption
658.3
520.8
368.8
225.5
111.7
56.5
3.871
3.748
3.557
3.364
2.962
2.612
Data of Meisner (103) as
recalculated by Chertow (26).
TABLE A XL
Acetylene Isotherm on Silica Gel
2500 (see Figure 13)
p mm Hg N4 --lads
gm
Adsorption
247
386.5
388.7
682.9
704.9
683.0
565.7
474.7
369,2
267.2
151.0
54.4
18.2
6.9
1.026
1.281
1.298
1.705
1.690
Desorption
1.710
1.565
1.435
1.258
1.070
0.790
.425
.218
.139
Data of Milliken (1014)
M"5
TABLE A XLI
Ethylene Isotherms on Silica Gel
Data of Bareis (8)
000
p -mml ,Hg
1.9
7.6
23.4
67.9
133.3
226.4
350.4
476.1
631.6
745.5
549.5
295.6
100.1
62.4
M mrol adsN - &-- "- -agm-
0.01185
.05926
.1694
.3804
.5976
.8260
1.053
1.242
1.437
1.561
Desorption
1.346
0.970
.5116
.3704
4000'
p 
20.0
100,9
150.3
214.1
342.5
444.0
620.3
763.7
696.2
524.6
284.6
121.7
73.7
37.5
10.6
0.03839
.1578
.2176
.2883
.4084
.4936
.6226
.7178
.6771
.5620
.3648
.1903
.12775
.07362
.02752
TABLE A XLII
Adsorption of Ethane on Silica Gel at 25.0C
(see Figure 13)
Pressure
in mm. Hg
27.5
52.8
79.0
111.5
160.8
252.6
363.8
452.3
557.3
661.5
754.8
876.5
943.0
1037.6
Millimols Adsorbed
per Gram of Gel
Adsorption
Des orption
909.0
781.4
701;9
580.5
464.4
332.5
206.5
80.1
35.3
Deta of Hatch (5)
0.035
0.065
0.095
0.125
0.175
0.250
0.330
0.405
o.470
0.535
0.590
0.665
0.700
0.750
0.680
0.615
0.564
0.495
0.415
0.320
0-225
0.105
0.055
TABIE A XLIII
Propylene Isotherm on 6ilica Gel, 2500
Data of Bareis (97' 033 6 ) (8)
(corrected
from gas
P -mm Hg.-
for deviations
laws)
N -M -gui
Data of Hatch
p mm 'Hg -
(99% C3 )H6 )
N - l
32.5
73.6
113.6
188.9
316.9
463.1
615.2
745.3
958.5
Desorption
897.4
695.9
534.8
277.8
4.4
34.2
71.4
74.2
91.6
155.4
194.3
198.3
271.5
281.8
353.2
355.6
457.9
459.0
550.7
555.2
650.0
760.6
768.2
0.111
.381
.736
.774
.761
1.15
1.15
1.19
1.43
1.50
1.59
1.66
1.84
1.85
1.95
1.96
2.11
2.23
2.24
o.48o
.760
.945
1.230
1.550
1.865
2.105
2.275
2.500
2.450
2.230
2.020
1.565
TABLE A XLIV
Propane Isotherms on Silica Gel
C '00 '.'. 1 ' 250C -.
data of B
p,
16.6
37.7
64.4
93.2
129.3
218.4
298.8
429.4
587.1
762.6
Desorpt
668.9
501.1
264.6
109.4
73.2
29.4
reisdata of Cadogn 0 1  data of Chertow (6)
____ ~inn'Hgads M4 moJl ads,
p_____ Hg__ 'NW't""R-PinrHg,
Adsorpto Adsorption
0.210 821..5 0.343 11.1 0.0565
.381 271.0 .793 25.0 .125
.557 536.0 1.21 .198
.713 761.1 151 71.4 .300
.885 Desorption 100.0 .386
1.23 469.0 1.14 158.9 .545
1.49 183.5 0.612 227.5 .703
11.85 304.2 .855
2.20 387.0 1.01
2.54 458.0 1.14
Lon 569.0 1.29
2.38 677.8 1.44
2.03 775. 1.57
1.42 Desorption
0.828 703. 1.50
.619 611.1 1,35
.366 505.'9 1.'20
419.0 1.06
11.1 0.457
57.2 .269
12.0 .831
4.2 .0436
data of Chertow
400C ,,
(26) Data of Chertow
-- 1000C
(26)
' _p _NT
0.0418
.0900
.1407
.258
.335
.447
.568
.687
.788
.904
.991
1.138
Desorption
.884
.07
.328
.0916
.25 0 '
p
96.4
119.0
406.5
601.5
753.7
10.1
27.9
46.7
96.2
136.9
204.0
282.0
373.0
462.6
554.9
643.0
768.9
540.8
4o.o
296 . 0
14 .6
38.0
N
0.0531
.1471
.2087
.2781
.3360
40t.
TABLE A XLV
Recalculated Data of Meisner (103) for
Ethylene-propane Mixtures on PCU~arbon
1 atm, 25 0C
Adsorbate, 'x'
mol fraction
Run'#' C{4' 'CH ''
6
78
10
11
12
13
14
15
16
17
18
0.720
.493
.286
.0466
.590
.856
.150
.165
.0918
681
.838
.0682
0.280
.507
.714
.953
.410
.144
.850
835
.908
.319
.162
.932
mol rraction
C2H C3H8
0.819
.720
.649
.428
.765
.920
.498
.472
.420
.807
.883
.258
0.181
.280
.351
.572
.235
.0796
.502
528
.580
.193
.117
.742
Total ads
Niili gram moi
gm'
2 .34
2.56
2.84
3.15
2.45
2.27
2.99
3.01
3.14
2.42
2.28
3.30
These values agree fairly well with the
results reported in Meisner's thesis (10 ).
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TABLE A XLVI
Vapor-Adsorbate Equilibria of Ethane- thylene Mixtures
on Silica Gel at 25.00()C
Millimoles Adsorbed
Moi Fraction Ethane per Gram of Gel
rii# Vapor Adsorbati 'ithane Ethyliene T6dia'
Total Pressure 760 mm Hg
10
6
3
37
36
1*
9
3
2*
18
7
5*
8*
28.
11
0.185
0.345
0.444
0.545
o.6o6
0.620
0.633
0.682
o.694
o.823
0.836
o.840o
o.860
o .875
0.915
o.o60
0. 127
0.236
0.326
0.384
0.269
0.370
0.432
0.406
0.617
0.662
0.551
0.602
0.704
0.820
0.055
0.110
0.200
0.270
0.300
0.185
0.280
0.320
0.275
o.420
0.410
0.295
0.315
0.440
0.535
0.895
0.765
0.645
0.550
o.485
0.505
0.475
0.420
0.405
0.260
0.210
0.240
0.210
0.185
0.120
0.950
0.875
0.845
0.820
0.785
0.690
0.755
0.740
0.680
0.680
0.620
0.535
0.525
0.625
0.655
Relative
3.56
3.63-
2.58
2.48
2.22
41.43
2.94
2.82
3.32
2.92
2.60
4.27
4.06
2.94
2.36
* Results believed unreliable according to Hatch.
(1) Hatch, R.L., "The effect of Pressure on the Adsorption
Equilibria of.Binary Gaseous Hydrocarbon Mixtures-"
Table IV, Pg. 27-8, S.M. Thesis, Chem. Eng. Dept.,
MIT (1947).
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TABILE A XLVII
Ethylene & Propylene Mixtures on Silica Gel
1 atm 2500
data of Bareis (8)
adsorbate x
mol fraction
02H OC_ 3 H6'
0.0369
.123
.195
.397
.597
.807
0.963
.877
.805
.603
.403
.193
vapor y
mol fraction
0gH 4- 
-CH6
. 0.248
.526
.628
.817
.908
.968
0.752
.474
.372
.123
.092
.032
Total adsorption
milligram mois
rel. vol. gm
' '''' (Corrected
for.pq } *_
8.60
7.92
6.99
6.77
6.64
7.22
2.04
1.78
1.70
1.42
1.22
1.06
2.12
1.85
1.77
1. 48
1.27
1.10
*Using a correction factor based on the writer's
0C2H4 adsorption on silica gel at 1 atm 0.998 - g
vs Bareis' (8) value of 0.960.
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TABLE A. XLVIII
Ethylene & Propane Mixtures
1 atm 250C
Data of Bareis
on Silica Gel
(8)
adsorbate x
mol fraction
C3H8
o.o447
.156
.233
.265
.348
.491
.626
.769
.919
0.955
.844
.767
735
.652
.509
.374
.231
.081
vapor y
mol fraction
S2H C OH 8
0.0807
.237
.381
.401,
.488
.661
.762
68
.953
0.919
.763
.619
-599
.512
.339
.238
.132
.047
rel. vol.
2.02
1,86
1.78
2.02
1.91
1.97
1.79
Total Adsorption
gm
1.48
1.41
1.34
1.34
1.28
1.18
1.13
1.09
1.00
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TABLE A XLIX
Propane & Propylene Mixtures on Silica Gel.
250C
Data of Chertow (26) Total Press 752-773 mm
adsorbate x
mol fraction
CH3 11 'CgH6'
0.114
.282
296
.312
.359
.366
.701
o.886
.718
.704
.688
.641
.634
.299
vapor y
mol fraction
'C H8- 
__CH6
0.248
.536
.533
.622
.625
.614
.896
0.752
.464
.467
.378
.375
.386
.104
rel. vol.
2.56
2.94
2.71
3.63
2.92
2.75
3.67
Total Adsorption
milligram mols
2.240
2.075
2.085
2.000
2.010
2.000
1.730
Data of Hatch (L5)
.299
.530
.671
.921
.701
.470
.329
.079
Data of Healy (6i)
0.950
-783
.396
.200
.633
.841
.808
.898
.050
.217
.604
.800
.367
.159
*192
.102
Total Press
.888
.716
.441
.282
.640
.724
.797
.945
.112
.284
.559
.718
.360
.276
.203
.055
Total Press 760 mm
4.01
3.33
3.05
4.46
Total Press 60 psia
2.98
2.47 
.
1.90
1.84
2.18
2.46
2.48
2.84
116 psia
2.54
2.15
1.79
1.71
2.06
2.15
2.31
2.73
.096
253
.4ol
.723
.904
.747
.599
.277
o.865
.595
.257
.120
442
682
.629
.756
.135
.405
.43
.80
558
.318
.371
.244
2.180
2.025
1.960
1.715
3.35
3.50
3.59
3.64
3.57
3.46
3.50
3.41
4.08
4.19
4.4o
4.46
4.30
4.97
4.14
3.97
757
540
.306
.187
.463
.550
.630
.864
243
460
.694
.813
.537
.450
.370
.136
3. Tieiiokidynamid ddnisideratiins:
For the case of a binary liquid mixture the familiar
Duhem equation is:
X ln p2
x2 X2
'TI'
(A68)
(Assuming perfect gas laws apply to the vapor,
has been substituted for fugacity.)
The mathematical identity:
pressure
\ " 'G "-T,N 1 ' W ~ -r j ,N2
applies to this case and with the usual assumption of the
perfect gas laws.( ln p
rTN2 '
'i~ T,Ni
/ ln p,
'i' T,N 2
From the definition of x, :
x N- -- -
14 1\12
)N
N2
(1-n.2xR2 and -l- = - 12
\ N2 N1
N 1
(A69)
(A70)
then:
(A71)
(A72)
ln p
X1 xi
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From the mathematics of partial differentiation,
holding 7r and T constant throughout
SN2 / x1/ N2 N xi N1)N1  1
and
Xl)--- --1/ kj (A-74~)
Nf X, N xif N2
N2 N2
Equating (A73) and (A74), multiplying each side by N1 + N2and
simplifying with x2: 1-x1,
-ln p ln p2
-Xi ---- px2 - (A75)Xl e l
and since dx- -dx2
xi ~ p - xx 22 (A.68)
Hence, the mathematical identity (A69) is another form
of the Duhem equation for a binary liquid mixture.
For the case of two components adsorbed on an adsorbent
designated as the third component, equation (A69) still applies.
If it is assumed that Fl and F2 for the two gaseous com-
ponents are functions of xl,7fr, and T only (xl referring to
adsorbate composition), a treatment similar to that above
but holding N3 constant throughout would yield the Duhem equation.
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Rearrangement to the form:
B B X2  dp 2d ln p- --- (A76)
xl P2
A
permits testing the binary data. The experimental data
do not agree with this relation at all and in facto/= 1.0
seems to be the only condition when the relation would
hold. It is evident that a variable involving the ad-
sorbent must be considered in attempting to use the Duhem
approach.
By analogy to the techniques required. for applying
the Duhem equation to binary vapor liquid data, a method
has been employed to improve the Duhem type tests for
the data. Note that the Duhem equation must be applied
at constant I and T. For a binary liquid mixture, if
7f is held constant T varies while if T is held constant,
'7 varies. The Duhem is then modified to the form:
xllxn ln(- -- (A''
xi -------- 2---9-- (A77)
x, x22i
where p* is usually the pure component vapor pressure for
variable T constant ' data and a 'correction based on
the Poinon effect (d 1n p* Vdr ) for constant T data
Equation (A77) in the form
B Bi N 2  (P2d in --- i -- d in -
NA N2
has been tested on three sets of data in the current work
where p* has been taken as the pure gas isotherm pressure
corresponding to the same amount of a given component
adsorbed. The method is very sensitive to precision so
that it isn't a very useful test. It indicated reasonable
agreement in two cases and a poor check in the third.
A much more satifactory test
from the relation: n p
N2 ) T 
, l N
of the data can be obtained
------- (A78)
TNJ
7TN2>N3
If T, Ni, and N3 are held constant, 7r for the two adsorbed
gases varies. Thus, to hold the total pressure on the adsorbed
phase constant either an inert gas (e.g. helium) or a semi-
ermeable piston would have to be used to carry out the
process. NeglectiLng the errect that such an added pressure
would have on the aasorbed pnase (reasonaole ror a cense
phase), the slope or plots of in p2 vs 1q2 (at constant N1 ,T and
N ) and ln p2 vs Ni (at constant N2,T, and N 3 ) should be equal.
Because variable total pressure data are needed for tus
test, only the ethylene-propane on Columbia carbon, ethylene-
ethane on silica gel, and the propane-propylene data of Healy (6i)
on silica gel could be evaluated by this method. This ap-
proach shows good agreement of the data with this thermodynamic
criterion. Slopes were found to agree within 5-10%; if
fugacities were employed instead of pressure, the test would
probably show even closer agreement. Results are shown
in Table AL.
Additional thermodynamic treatment was carried out
by Broughton (22). He considered the hypothetical case
of a chamber filled with an evacuated adsorbent on which
the following processes were carried out reversibly and
isothermally with two gaseous components:
1. Starting with an adsorbate free surface, admit
gas 1 by expanding from pressure )- to p1
(in equilibrium with the adsorbent holding N1 mols).
Continue until the pressure in the chamber reaches 77-
and the surface holds N11 mols of component 1.
2. Displace gas 1 with 2 by admitting gas 2 through
a semi-permeable membrane at its equilibrium
pressure. Simultaneously remove 1 through another
membrane and recompress to 7) , always maintaining
the total pressure over the adsorbent at 7- .
Continue until 1 has been displaced entirely and 2
is present on the surface in the amount N21 at pressure
3. Pump component 2 off the surface reversibly until
the surface is again bare.
4:10
TABLE AL
Thermodynamic Test of Binary Equilibrium Data
System'
02 4~02H6
Adsorbent
silica gel
ln p,
Run-# vs N1
18
TableXXXVI
1.309
In pg 'vs Ni Deviation'%
1.338 2.
2T
TableXXXVI 0.511
C 3H6-C 3H8
C2H4-03H8
silica gel 11 Healy 0.397
Hatch,(57) .440
Columbia G
Carbon
37 1.027
Table XXXIII
38 0.881
Table XXXIIIIf 
If
0.572
0.436
o.446
o.875
0.983
6.
15.
10.
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Assuming that the perfect gas laws apply and hence
that pressure may be substituted for fugacity, the work
effects for the three processes may be written:
NK t
W RT (
0 n - P2
12
W 2: RT (in
0
-P- dN2)
p, pt2 7
-RT/
0
in k dNi)
P1
(A80)
Pit P2
W3 = -RT JN(l0
-- dN2)
P2 p1
Since !CW W 0
N1
0~
(in Pidil1)p1+ p
N2
-~ (in PdL
-
2 P2 2)p2 - NN 2 1 '(A,82)
(ln p2dN2 )
0 pl+p2 7
Defining:
(.A83)
VP2 0
This is the ratio of partial pressure of a component in a
mixture to the pressure of the pure gas necessary to obtain
the same amount of adsorption of that component.
(A79)
(A81)
NJ I(ln
0
p 2 -.:
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Thus:
I N~2I
in n 2 dN2
0 0
(A84)
As indicated previously, the precision of e at low
values of N (where has its largest values) is so low
that this method is of little use for testing the reliability
of the current data.
4. Correiati6ns:
(1) Modified Freundlich Approach:
The final form obtained by Chertow (26)after
combining the Freundlich equation with the Broughton
N d rethermodynamic relation and the NI ,- 1.0 equation is:.
(Nil- N2 ) In'7r -f-b N2 ' r Nit bin (i1xi ) ~xiz- -C
where:
. NN'
2 Ni'
c I (in p2dN2 ) - (l
0 7 z92 0
n pld i)
Pi=W
(A85)
and
(A86)
(A87)
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Once the constants are obtained, equation (A85) can
be solved for b(the Freundlich equation constant) by
trial and error. Chertow gave the value of / 1 n (1-j b)dXl
0
for various values of b and Xi . Table XL gives the results
of the writer's tests on three sets of data from the current -
work.
(2) Langmuir-Broughton Combination:
-Using the Langmuir equation instead of the Freundlich
relation, the form obtdned is:
1 '-N2 I-bf#N2(N2'-Nlt) lnf I . ln (1*b 7r)= c (A88)b 7r
where c is defined by equation (A87). Again b (the Langmuir
equation constant) can be solved for by trial and error.
(3) van Laar Type Equations:
Based on some thermodynamic reasoning, van Laar
derived an equation with two constants for the activity
coefficient, , in a vapor liquid system:
B/T
ln ------ (A89)
IR23
Combining this relation with the Duhem equation for a binary
vapor liquid system, the equation for the second component is:
AB Xl 2
t W T x2
ln ------  (A90)
1 A -
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where A and B are constants. These relations have been used
with a considerable degree of success in correlating vapor
liquid equilibria.
Four modifications of these equations have been tested
in attempting to correlate the present vapor adsorbate data.
N
Method 1: One set of constants A and B with x -- -N
The constants are obtained by plotting vs -l
1 x2
and - vs -- and using average values of the Ats and
ln c.xi
B's obtained.
Method 2: Two sets of constants, Aiand B1  corresponding
to l and A2 and B2 for with x as previously defined.
It should be noted that differentiation in accordance with
equation (A78) indicates that these first two methods do
not conform to the thermodynamics.
N0
Method 3: One set of constants a and b with x0 - ---
substituted for x, NO is the amount of adsorption that would
occur if the pure gas were present at the componentb partial
pressure in the gas phase.
Methpd 4: Same as #3 but using two sets of constants
a and b. Note that the thermodynamics are unable to indicate
anything about the validity of these last two methods.
In all methods~ -- or the reciprocal. A summary
of the results obtained using these various approaches
is presented in Table ALI. It is found that the first
three methods show poor correlation on both carbon and
silica gel. Method 4, however, exhibits a fair degree
of correlation for the data on silica gel but breaks
down on activated carbon.
In conclusion, the van Laar treatment appears to show
a fair degree of correlation for data on silica gel but
cannot be recommended for data on activated carbon.
(4) Margules Type Equations:
In his treatment of vapor-liquid equilibria,
Margules assumed that:
ln a x2 2 b x2 + C x2 (.A91)
and ln 2:a x1+ bx 1 2f C1xi3  (A 92)
Then employing the Duhem equation, Margules showed that these
relations reduce to the two constant forms
ln b x2 f C x2  (A93)
2= b x, 4 3/2 C x -C x 1 (A94)
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TABLE A LI
Correlations Obtained Using van Laar Type Equations
(all systems at 250C)
SPystem i
Method 1
Isobutane-butenel 1
Ethylene-propane**
Ethane-propane
Isobutane-butene-1
Method 2
Ethane- propane
Isobutane-butene-1
Ethane-propane
Isobutane-butene-1
Method 3
Ethylene-propylene**
Ethylene-propane**
Propane-propylene**
M6hod '4
Ethylene-pr
Ethylene-pr
Ethylene-et
I
Ethylene-pr
Etylene-pro
Propane-prc
YExp -yCalc
%Deviation - ------ 100 Correlation
' EClassification
dsorbent* -katm
FCC
SG
SG
SG
FCC
PCC
SG
SG
SG
SG
SG
opylene G
opane G
hane SG
it If
opylene** SG
pane** SG
pylene** SG
Average Maximum
no correlation
90.
69.
48
22
70
70
15.
14
18
18
12
21
poor
poor
poor
poor
no correlation
good
no correlation'
poor
poor
poor
poor
no correlation
fair
fair
fair
good
fair
fair
39.
1.
1.
1.
1.
1.
2.55
7.85
19.2
1.
1.
1.
18.
11.
29
35.
9.0
10.
6.2
4.3
6.4
7.7
*PCC FCC carbon, G Columbia G carbon, SG silica gel
**Experimental data are those of Chertow (26)
I
and coworkers.
A similar method can be extended to adsorption by
assuming:
ln a N2+b N2 2  (A95)
ln Y, a1N1 blN12  (A96)
Combining with the thermodynamic relation equation (A78)
and assuming f-11 21. holds, one obtains:
N1' N2'
ln : a N2+ b N2 2  (A97)
ln kv (a-+ 2b N21 ) Ni- N Ni2  (A98)
This method has been given a preliminary test which did
not appear encouraging. However, it is. suggested that fur'ther
investigation of this appraoch may be worthwhile. There may
be some question about the manner in-which the differentiation
using equation (A78) was carried out.
(5) other Methods of Correlation:
If one or two experimental points for a system
are available, it would probably be a fairly good approximatbn
to fit a Langmuir equation to the mixture isotherm of the
more strongly adsorbed component. Some other empirical equation
might be fitted to the data of the less strongly adsorbed
constituent or the relation - 1.0 could be used to
estimate its adeorption. This type of approach has not been
tested.
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: .samid 6diiodisatidrs
The equation of state used for the hydrocarbons is
pv >MNRT. T he values of, to correct for deviations from
the perfect gas laws are taken from an expanded plot
based on the low range J4 charts (3).
1. Adso6rption Isotherm
Data from Table AVII will be used in the calculation
of a propane isotherm point at 2500 on Columbia G carbon.
Sample G-3 wgt= o.8443 t 0.0002 gm. This estimated
error in the analytical balance weighing is negligible
compared to the complications involved in obtaining the
proper sample for comparison with other samples taken over
a period of time. The above factor is already covered in
the Discussion; this calculation will merely evaluate the
estimated precision of a given adsorption isotherm determination..
Dead space vol 6.16 cc l 0.1 cc
Uncorrected Barometer 767.5mm Correction -2.9mm
Corrected 764.6mm t 0.1mm
Buret T 296.9 : 0.5 OK (0.17%)-
Manometer, rdg 15.Omm i 0.5mm
pressure in ads chamber = 764.6-15.0 = 749.6 1 o.6mm(0.o8%)
Initial buret reading 99.90 1 0.05cc
Point " " 4.55 ± 0.05cc
Volume admitted 95.35 ± 0 .loco (0.11)
for 03H8 at these conditions 0.980. 0.002 (0.20%)
R 62.37 for T in OK, p in mm Hg, V in cc, and N in milligram mols.
PV 764.6 (95.35)Nadmitted -- ----------- 4.018 M mols
A RT 0.980(62.37)(296..9)'
Using an error of 0.5.mm Hg in Buret pressure because of use
of compensating manometer,
%error in Nadmr 0 .07 4- 0 .11 f 0.20 + 0.17 0.55%
Nadm='.0l8.±0.022 (0.55%)
pV (749.6)(6.16)
N a ------------- ------- 0.264±0.0053 (2.1%)dead space RT 0.980(62.37) (298.2) M mols
N 4.018 - 0.2540' 3.764 ± 0.027 (0.72%)adsorbed
3~ 764 MA mol
Nadsorbed/gm= ~ ~84.6 - -
2. GeneraliZed IsoIi6ri do'rreation
The calculation of a point for propane on Columbia G
carbon will be given to illustrate the manner of preparing Figure 36.'
M mol
For a p of 2. atm (1520 mm Hg), N is 5.07 ----- at 2500
(see Figure 14). gm
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Properties of saturated liquid propane were taken
from page 2589 Perry (109) and a plot of vapor pressure
vs liquid molal volume was prepared. To obtain the
values of liquid density at low pressures (i.e. low
temperatures), the data were extrapolated by the
method of Cailletet and Mathias. Using this technique
c
at 2 atm, V is 78.4 ---.gmi mol
NVHence, -- 20 5.07x78,4 cc
---- z0.397 
----
p. for C3H8 at 2500 is 9.25 atm.
T 537
TR= -- --- e 0.806
Tc 666
PP 9.25 x 14.7
pR:-- ----------- = 0.220PR PC 617
From fugacity plots of reference 13), - = 0.83
--- p
and fs,' 0.83 x 9.25=:7.68 atm.
For o 2 atm,
2 x 14.7
p z---------= 0.o48,
R 6r7
f
0.96
p
fs 7.68 i00and--- fs
f 0.96 x2 V f
1.387 = 0.0155
78.4
3. Ternary Mixture
Data from Table XLV will be used in the calculation of a
C2T4, C3H6, & C3H8 mixture point on silica gel.
Run #30
System Pressure 760 mm Ads. Chamb. Temp. 25.0 0 C
A. Feed P(corr.) - 753.8 mm (± 0.07%) Buret T= :305.2± 0.50K(0.17%)
Corr.* Ncorr, m Mol
6.1o 0.982
104.30 0.994
44.65 0 .980
0.246
4.165
1.805
0.2442 ± .0036(1.5%)
4.144 2.031 (.74%)
1.828 i .014 (.75%)
B. Unads. Gas
Comp. GA: Sanp. 96.55cc Vpresent
C3-
C2-
1. 49 0 .0154 f .002
70.01 0.725 1 .002
25.05 0.260 ± .002
p = 753).4mm TB = 304.80K
Nunads = 3.765± 0.018 N: -0 - :: O 7 .5
jc on-
ered 1
C2H4 as
% CH8.
analyses
gases used
Exansion
Procedure.
C. Adsorbate'
Comp. Fed. Unads.
Cq-
C 3
0.244 0.0637
4,144 -3.000
1.828 1.073
Semple Wgt. 1.718 gm
Ads x
0.180 o.o866 + .0088
1.144 0.550 . .047
0 .755
2.079
0.363 - .026
Desorbed Vol 60.55cc P =752.2 mm
\Test 2.442 m Mol ± .013 (.52%)
TB = 303.20K
Comp. GA Sr'mp. 61.85 Vpresent I. ND NDSIads N
C -
C 2
C3
ada--
4..18 0.676 0.165 .006 .159 0.0926 0.0768
+.005
35.87 0.580 0.417 .270 1.147 .667 0.1554
21.80 0.352 0.860 .096 .764 .441 8.0lo
27-77u' o.369.a11.205
Comp. Vcc
C3
C2P-
Nadm
-. 002
- .021
.023
03
vunads = 94-1 1 0 .05
F - /k~m.f. ave
0.015
0 .722
0.254
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Regarding the estimated precision of a given
determination,note that the error in calculating N from
the combined errors ofA , T, and p is estimated to be
o.445 as indicated in the isotherm calculation. Gas
analysis volumes were taken as good to 0.2cc based
on the analyses of the synthetic mixtures (see Table xIV).
All computations are based on estimated maximum error
principles. The run chosen indicates the difficulty
in getting precision where a component is present in
a small amount. Estimated deviations for binary mixture
calculations are not as great as those for ternary
mixtures.
4. Binary Mixtures
The following tabulation indicates the deviations
of actual experimental points from the best smooth curve
drawn through the points.
Ethylene-Propane mixtures on Columbia G carbon, data
from Table XXXIII. Vapor composition, y, values are for
a given value of x.
5. Thermodynamic test of binary data.
Using the relation.
N2 iN7( T ,NiN / 7 T,N2 ,N3
For the C2H4 - C2H6 data on silica gel at 25 C, see Table XXXVI,
Run #23, and Figure 50.
7E r)
0.372
.399
.497
.618
.587
.871
.875
.870
.864
.938
.969
78(smooth
curve)
0.378
.487
.602
.603
.745
.868
-868
.872
.874
.938
.969
-. oo6
-014
.010
.016
-. o16
0
.003
.007
-. 002
-. 010
0
0
.084
Average deviation of a given point,
a.d.-:o -8--= 0.0073
Average d a.0073
Average deviation of the mean, A.D.=7 ----- =-0.0021
Run #
G- 7
2G-34
G-10
2G-35
G-5
-8
-1
-2
-9
-6
7fjatm -xi ' - - Nt otai 12 N p atm pg -atm
ln -pj -vs N2 at constant Ni plot:
1.0
2.55
7.85
19.2
o.834
.384
.203
.145
0.939
.575
.315
.208
0.600
1.30
2.146
3.44
0.500
.500
.500
.500
0.100
.8o0
1.96
2.94
0.939
1.467
2.47
4.00
ln p2 vs Ni at constant N2 'plot
1.0
2.55
7.85
19.2
.111
384
,048
.761
.273
.575
.788
.854
0.900
1.30
2.27
3.34
.100
.500
1.47
2.54
.800
.800
.8o0
.800
0.727
1.083
1.663
2.80
The thermodynamic relation states that the slopes of
these two plots should be equal at the given experimental
point. From the A.ots (not shown), in pivs N2 slope at
pi r 1.467 atm is 0.541. Slope of in P2 vs Ni at
P2 -1.08 atm is 0.572.
0.572-0.541% deviation----------- x 100 6%
.556
iun #23
,un -#23
F. Limits 'o± Iterature Survey
The search of the literature was based on the Chemical
Abstracts Vol. 31, 1937 through Vol. 41, Nov. 21, 1947 using
the following key words:
Adsorbed Substance
Adsorbents
Adsorption
Adsorption apparatus
Carbon: active, adsorption, desorption, sorption
Charcoal: adsorption, desorption, sorption
Desorption
Head of adsorption
Hydrocarbons: adsorption, desorption, separation, sorption
Silica, colloidal
Sorption
Current issues of the following journals were also
consulted: Chem. Eng. Progress, Chem. & Met. Eng., Ind.
Eng. Chem., J. Phys. Chem., J. Chem. Soc. (London), J. Chem. Phys.,
J. Am. Chem. Soc., Oil & Gas J., Petroleum Eng's.
G. Location of Oriinai aa
Data notebooks are on file at M.I.T. Chem. Eng. Dept,
and with the author.
H. Nomenclature
1. Upper Case Symbols
A Avogadro's number for the Langmuir equation derivation;
adsorbent surface area in the B.E.T. equation derivation;
cross sectional area in fixed bed rate equation derivations;
a constant in the van Laar equation,
B A constant in the van Laar equation.
D Diffusivity
Dp P Equivalent spherical diameter of a solid particle.
E Thermodynamic internal energy; heat of adsorption
in derivation of B.E.T. equation.
F Thermodynamic free energy; mass transfer coefficient
in rate equations,
Partial molal free energy.
G Mass velocity, lb/hr ft2
L A constant in the Jura-Harkins equation
; molecular weight
Amount adsorbed, usually in milligram mols per gram
of adsorbent.
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N* Number of points on an adsorbent surface effective
in adsorption.
N' Amount of a pure gas adsorbed per unit weight of
adsorbent at the total pressure of a gas mixture,
NT Total amount of a gas mixture adsorbed per unit
weight of adsorbent.
P Liquid vapor pressure.
Q Heat of adsorption; thermodynamic heat added to
a system.
R Perfect gas constant.
S Constant in the BET equation.
T Absolute temperature.
V Molal volume; linear velocity through the interstices
between adsorbent particles.
W Thermodynamic work done by the system.
2. Lower 'ase 'Symbols
a Superficial area of solid particles per unit volume;
a constant in the Langmuir equation,
1~~ i ii 11 fi
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Concentration of adsorbable gas in inert stream;
also used as a constant.
Concentration of gas in entering stream
exit
" inert
I
"f in equilibrium
with the adsorbent at a point.
Mathematical symbol for differential.
Fugacity; mathematic&. function of
A constant.
mols of vapor adsorbed per unit volume.
number of mols of adsorbate forming a complete
unimolecular layer.
Saturation capacity of a unit gross volume of adsorbent
pressure in gas phase.
Radius of a capillary.
Time.
Volume adsorbed in the BET equation.
v1 Rate gas molecules would evaporate fr6m the adsorbent
surface if entirely covered.
cc
C*
k
n
n.
no
W Weight of a drop in the derivation of the Kelvin equation.
x Mol fraction of a component in the adsorbate phase.
y Mol fraction of a component in the vapor phase.
z Fixed bed length.
3. 0reek 'symf>6i's
o relative selectivity, cJ12 y2 xl
Condensation coefficient in Langmuir equation
derivation; also porosity, fraction of voids per
unit gross volume of bed.
Activity coefficient in Broughton, van Laar, and
Margules equations.
Adsorption potential.
Total Pressure.
Liquid density.
Density of air-gas stream.
Viscosity of a gas; number of mols of gas striking
the adsorbent/unit area/unit time.
Cr Surface tension.
d Volume of adsorbate.
Fraction of surface covered.
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4. stibsari6s ts
i Refers to a particular point in the adsorbate.
S Refers to saturation pressure or fugacity.
1,2,3 Refer to components 1, 2 and 3 in a mixture.
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